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Abstract 
 
Investigating the Effects of ESI parameters on Ion Signal in ESI-FT-ICRMS and 
Studying the Effects of ESD Parameters on the Morphology of Samples and their 
Implications to MALDI MS Signal Intensity 
Christina Emeigh 
Kevin G. Owens, Ph.D. 
 
This thesis investigates two separate projects.  The first project investigated the 
effect of ESI parameters on ion intensity in an ESI-FT-ICRMS using factorial design 
experiments. The second project investigated the effect of ESD parameters on the 
deposition of MALDI samples, the MALDI TOF MS ion signal and AFM morphology.   
Chapter 1 discusses systematically looking at ESI parameters using two-level 
factorial design experiments.  The ESI factors focused on were the sheath gas, auxiliary 
gas, sweep gas, and electrospray voltage. The response variables of ion signal, standard 
deviation and S/N were investigated to look at which variables and interactions between 
these variables were statistically significant, with the goal of maximizing the sensitivity 
of the instrument for the eventual analysis of complex mixtures isolated from secondary 
organic aerosols.  Chapter 2 discusses the absorption and fluorescence of the isomers of 
DHB in various solvents.  It investigates the samples in both the solid and solution states.  
The work presented confirmed that using ESD would provide reproducible results to 
compare samples in the solid state.  Chapter 3 investigates various solution properties that 
determine the initial droplet size for ESD samples.  The properties investigated were the 
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surface tension using the capillary rise method, density and conductivity. Both pure 
solvent and matrix solutions were measured; the values obtained were then used to 
estimate the initial solution droplet sizes produced during the ESD process.  Chapter 4 
explores the use of a research quartz crystal microbalance to measure the residual 
wetness of the ESD spray, the unexpected difference between the calculated  mass and 
the actual mass deposited, and the initial “bump” found in the deposition sprays. Some of 
the variables examined were the choice of solvent, flow rate, concentration, spray time 
and use of different matrices and their different impacts on the factors listed above.  
Finally, chapter 5 investigates the effect of spray height on the morphology and ion signal 
of MALDI samples using AFM and MALDI TOF MS. The samples prepared for analysis 
can be consecutively examined in both the AFM and MALDI instrument since the Si 
wafer used provides a flat enough surface for AFM, but is also conductive enough to be 
used in the MALDI instrument. 
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Chapter 1 ESI Optimization 
 
Introduction 
Aerosols 
 
Human activity has had substantial impacts on the Earth’s environment.  
Specifically, resource removal and fossil fuel burning have resulted in an increase of 
man-made aerosols[1]. Fine particulate matter (PM2.5) is a type of aerosol that is 
regulated here in the United States by the Environmental Protection Agency due to its 
adverse effects on human health and the environment.  PM2.5 is defined as having a 
particle diameter of ≤ 2.5 µm.  This particulate matter consists of inorganic salts, mineral 
dust, and carbon containing material. The inorganic portion of this particulate material 
contains sufates, nitrates, metal oxides, minerals, and silicates.  This material is a primary 
consequence of soil dust; however, considerable portions of the aerosols consist of 
organic carbon (OC). Due to the large number of molecules, their interactions, and the 
complexity of the samples, it is difficult to characterize aerosol composition. In addition, 
aerosols have short atmospheric lifetimes, lasting approximately two weeks or less. 
During this time, aerosols undergo chemical processing in the atmosphere with the 
addition of aerosol mass from gas phase reactions creating lower volatility products that 
then partition into the aerosol phase.  This additional mass from the chemical processing 
of aerosols is called secondary organic aerosols (SOA). Since the number of gas phase 
precursors is large and the potential oxidation products from these compounds is also 
large, there are innumerable variations to aerosol samples[2]. All these factors make it 
difficult to uniformly characterize aerosols.  
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The production and increase in concentration of aerosols from human activity 
disrupts the natural atmospheric and aquatic systems. One effect of this disruption is in 
the absorption and scattering of solar radiation on Earth causing uncommon temperatures 
in the atmosphere. Aerosols also impact the formation and lifetime of clouds reducing 
their ability to precipitate as readily[1].  Lastly, aerosols have been shown to impact 
visibility and contain toxic molecules that are detrimental to human health [2, 3]. 
LTQ-FTICR-MS 
 
FTICR-MS is a technique created by Marshall and Comisarow at the University 
of British Columbia and that first appeared in a paper in 1974 [4]. The FTICR-MS has 
ultra-high mass resolving power, reaching as high as 32 million, parts per million mass 
accuracy[5, 6].   
The FTICR-MS is a trap-type of mass spectrometer: the masses are identified by 
their cyclotron frequency in the ion ICR cell, which is dependent on the mass-to-charge 
ratio (m/z).  First, the molecules are ionized by a particular source before they enter the 
instrument.  Next, the different ions are identified based upon the frequency from the 
image current that they create while in the ICR cell.  Finally, the measured data in the 
time domain are transformed into the frequency domain using a Fourier transform.  The 
frequency domain data are finally converted into m/z data[5].  
The initial step in the analysis involves ionization of the molecules present in the 
sample.  FTICR-MS is commonly coupled to an electrospray ionization (ESI) source. 
This source has the analyte solution pumped through a charged capillary where it is 
sprayed into an electric field at atmospheric pressure.  These sprayed droplets will have a 
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charge, which eventually leads to the molecule having a charge[7]. The ESI mechanism 
is highly debated, resulting in two competing models.  The first model is called the 
Charged Residue Model (CRM) [8, 9]. After being sprayed the originally large droplets 
evaporate into smaller droplets.  When the Rayleigh stability limit is reached, a Coulomb 
explosion occurs, breaking up the droplet into smaller droplets.  The breakup results from 
the electrostatic repulsion being greater than the surface tension of the droplet.  This 
process is repeated until the solvent completely evaporates and only the ion is left. The 
second model is called the Ion Evaporation Model (IEM) [10]. This model has the 
droplets decreasing in radius until they are too small and the ions are desorbed out of the 
droplet[11].  Today there is evidence that supports both models. The CRM is shown to 
occur for much larger molecules, such as proteins, while the IEM is much more plausible 
for smaller molecules[12].  Whether negative or positive ions are formed depends on the 
capillary polarity being used.  As these charged droplets are heading towards the ground 
plate where they will enter the instrument, the droplets decrease in size due to solvent 
evaporation.  This also helps increase the concentration of the analyte in the evaporating 
droplet[7]. 
The LTQ is Thermo Scientific’s form of a Linear Ion Trap (LIT) and is shown in 
Figure 1.1; where the LTQ is composed of four segmented quadrupole rods.  The four 
rods have a DC voltage applied to the front and back section which creates a trapping 
electric field in the axial or z direction.  The rods also have a radio frequency AC voltage 
applied.  Two parallel rods have the same polarity and amplitude for this voltage.  The 
other two rods have opposite polarity, but equal amplitude as the other rods. This voltage 
creates an electric field that is two dimensional in the x and y plane.  The alternating 
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polarity causes ion motion in the radial or x, y directions.  The radio frequency on the 
rods determines the mass range of the ions that will be trapped.  Ions that are above and 
below the selected mass range will be forced out by the electric field.  At the desired time 
the trapped ions will be ejected out in the x direction through the center section to the 
electron multiplier detector or ejected axially (in the z direction) to the FTICR-MS[7, 13, 
14]. 
 
Figure 1.1: Diagram of an LTQ, where it is broken up into a front section, center section 
and back section[14]. 
A cubic ICR cell is made up of 6 plates as shown in Figure 1.2.  Two trapping plates 
have a DC voltage applied that keeps the ions trapped in the ICR cell and causes the ions 
to have a trapping motion in the z direction.  Two transmitter plates have an AC voltage 
applied to them which oscillates between positive and negative polarities. These 
oscillating polarities and the applied magnetic field along the z axis cause the ions to 
move in a circular motion in the x-y plane.  As the circular motion that the ions are 
moving in expands, the ions pass the receiver plates which are connected to an amplifier.  
The image current produced in the receiver plates due to the motion of the ions creates a 
signal in the form of a sine wave[5, 7].  
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Figure 1.2: Diagram of a cubic ICR cell.  The top left shows the placement of the 
trapping plates. The top right shows the two transmitter plates and the excitation of the 
ions to move in a larger radius.  The bottom of the diagram shows the two receiver 
plates[7]. 
The amplified signals are transformed into a mass spectrum as shown in Figure 1.3. 
The amplified signals are first shown in the time domain in the form of a complicated 
sine wave due to the overlap of several m/z signals. The sine wave is then decomposed 
into separate sine waves based upon their frequency through the Fourier transform. The 
frequency of each wave is then converted into m/z through equation 1,  
                                                    (1.1) 
where m is the mass, B is the magnetic field strength, q is the charge on the ion, and wc is 
the angular frequency[5].  This conversion changes the frequency into an intensity versus 
m/z ratio signal.  
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Figure 1.3:  The image current wave is broken up into separate sine waves through 
Fourier Transform and then converted into the frequency domain[7].                                                                      
 
Experimental 
Materials 
 
CHCA (lot# MKBK9592V, purity of ≥98%), and methyl stearate (lot#112618, purity 
of ≥99%) were used as received from Sigma-Aldrich (St. Louis, MO).  HPLC Grade 
MeOH was from Sigma-Aldrich.   
Sample Preparation 
 
A 2.6 mM solution of CHCA in MeOH was made and then diluted down to 20 µM 
for analysis.  
Instrumentation 
 
The samples were ionized using electrospray ionization (ESI).  The ions were 
analyzed using a Thermo Scientific LTQ-FT which is a hybrid instrument with a Linear 
Trap Quadrupole Mass Spectrometer (LTQ-MS) interfaced to a 7T FTICR-MS.  A 500 
µL Hamilton (Reno, NV) gas-tight syringe was used for infusion of the sample. The trap 
of the instrument was cleaned with 1.5 mL of MeOH prior to running any samples. The 
mass range was 150 to 2000 m/z.  The gas used was nitrogen and the units for the gas 
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flows are arbitrary. The sheath gas range was 5 to 25, the auxiliary and sweep gas ranges 
were 1 to 12, and the spray voltage range was 2.5 kV to 3.7 kV.  The spray voltage was 
limited due to higher voltages causing a corona discharge to occur at the tip of the spray 
needle. The capillary temperature, capillary voltage, and tube lens were set at 275˚C, -
6.00 V, and -62.34 V respectively.  The multipole 00 offset, lens 0 voltage, multipole 0 
offset, and lens 1 voltage were 2.00 V, 5.50 V, 5.25 V, and 24.00 V respectively.  The 
gate lens voltage, multipole 1 offset, multipole RF amplitude and front lens voltage were 
42.00 V, 6.00 V , 400.00 V, and 5.25 V respectively.  The position of the ESI source was 
held constant for all experiments and placed spatially at D, 0.252, and to the right most 
notch. A 20 µM solution of CHCA in MeOH was run at different flow rates for up to four 
minutes.  The data that was analyzed was the data collected after the first 30 seconds (so 
the spray could stabilize) up to a minute.  
 
Figure 1.4: A diagram of the ESI source showing locations of the sheath gas, auxiliary 
gas or “aux gas”, and sweep gas. These were three of the four variables that were 
analyzed in the factorial design experiments[13].  
The factorial design experiments used sample flow rates of 25, 74, and 124 µL/min 
using a 27 gauge capillary tube for the ESI needle, which had an inner diameter of 0.008 
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in. This was later replaced with a 34 gauge capillary tube with a 0.003 in inner diameter 
for the lower sample flow rate of 10 µL/min.  The trap time was held constant at the 
higher flow rates at 50 ms and 3 microscans were used.  A microscan refers to the 
averaging of a certain number of mass spectra (in this case 3) to create one saved mass 
spectrum and is used to decrease the standard deviation between successfully obtained 
mass spectra of an analyte.  The trap time and number of microscans for experiments 
using a 10 µL/min flow rate were varied from the constant conditions of the higher flow 
rate experiments.  In one experiment the trap time was limited to 2 ms so the ion trap 
would not be filled and in another only 1 microscan was taken. 
The limonene was also analyzed to check if it was degrading using a Perkin-Elmer 
(Shelton, CT) Clarus 500 capillary-column GC equipped with a quadrupole mass 
spectrometer detector (GC-MS). The column used for analysis was a PerkinElmer Elite-5 
MS with dimensions of 30 m, 0.25 mm ID and 0.25 µm df.  The mobile phase was 70:30 
ACN:water and the carrier gas was helium.  The parameters for this instrument were an 
injection volume of 0.5 µL, the oven temperature program started at 40˚C for two 
minutes with a ramp of 20˚C deg/min up to 250˚C.  The MS scan was 25 to 500 m/z with 
the ionization mode being electron impact in positive mode. 
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Results & Discussion 
 
ESI Data 
 
Initially, it was believed that the analysis of a controlled aerosol sample would not be 
very difficult as it has been done in previous work [15, 16]. A controlled aerosol sample 
is a sample that is collected when air is pulled through a Teflon filter and particulates are 
collected. An experiment was set up where orange peels were exposed to ozone to 
produce aerosols in a closed chamber[17].  A UV lamp was used to create the ozone (O3) 
since UV radiation can cause oxygen molecules to react to produce ozone. A pump with a 
flow rate of 5-6 liters of air per minute was then used to pull the aerosol particulates 
through a 1 µm pore size Teflon filter for up to 2 hours. The filters were then extracted 
with a 49.5% acetonitrile (ACN), 49.5% H2O, and 1% acetic acid solution.  The samples 
were analyzed using the FTICR-MS, but the only observed signals were peaks that were 
caused by impurities that were on the filter blanks. The results of this experiment 
suggested that it would be best to examine the FTICR-MS instrument’s limit of detection.   
Determination of the limit of detection on our FTICR-MS is particularly important 
since our instrument had not been used previously for the analysis of complex, very low 
concentration samples. The other instruments that have been used for this application 
were different models from other manufacturers or different variations of the Thermo 
FTICR-MS. In order to accomplish this task, an appropriate compound that could be used 
for testing the limit of detection of the instrument was needed. The compound needed to 
be easily observed in negative mode, preferably need only one solvent, and be able to be 
cleaned out of the instrument fairly easily.  The first thought was to use a dilute limonene 
solution. Limonene was thought to be a good analyte to start with because it was similar 
10	
	
to the oxidized aerosol compounds that were being looked for in the previous experiment. 
However, the limonene did not produce a signal on the FTICR-MS. It was thought that 
the limonene had possibly degraded; however, the strong signal on the GC-MS showed 
this not to be the case.  
The next compound that was attempted was methyl stearate, however, this compound 
is a surfactant and was shown to be extremely difficult to eliminate from the 
instrument[18]. This made it a poor candidate, since it could possibly leave residue that 
would be a background peak in future experiments if not cleaned out properly.  Next, α-
cyano-4-hydroxycinnamic acid (CHCA) was suggested due to its availability.  CHCA is 
soluble in methanol (MeOH) and was found to be relatively easy to remove from the 
instrument.  Multiple injections of the CHCA solution were done to look at the stability 
of the signal; however, the chromatograms showed that there was significant variability 
in the signal  (note that the plot of signal of the analyte versus time is referred to as a 
“chromatogram” in the Thermo Scientific software XCalibur that is used to analyze the 
data). These chromatograms are made up of data points that come from a scan of the ions 
from the instrument. This led to the effort detailed below to optimize the different 
parameters of the instrument by means of factorial design experiments.   
Factorial Design Setup 
 
A factorial design experiment looks simultaneously at the variables chosen for study 
over selected ranges. Through a series of experiments, the variables are systematically 
varied to determine if they have a statistically significant impact on the response being 
studied; in this case it is the peak intensity, standard deviation (STD), percent relative 
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standard deviation (%RSD) and signal-to-noise ratio (S/N).  This type of design also 
looks at the interactions between each of the variables to see if those have statistically 
significant impact. The first factorial experiment undertaken looked at the parameters that 
impact the ionization of the molecule by ESI. An example of the mass spectra obtained is 
shown in Figure 1.5 
 
Figure 1.5: A mass spectrum showing the CHCA ion [M-H]- at 188.03m/z with 
background ions from instrument contamination. 
 
A solution of 2.6 mM CHCA in MeOH was used in the factorial experiments 
described below. The factors that were studied were the sheath gas, aux gas, sweep gas 
and spray voltage.  The single factor statistically significant results are shown in Table 
1.1 for factorials done at 25, 74, and 124µL/min.  An example of the results is that for the 
25 µL/min sample flow rate, to increase the intensity of the analyte ion, the auxiliary gas 
must be increased and the sweep gas must be decreased, but to decrease the standard 
deviation the sweep gas must be increased.  The 25, 74, and 124 µL/min experiments 
indicate that to increase the analyte ion intensity the spray voltage should be increased, 
the sheath gas should be increased, and the sweep gas should be decreased any time that 
12	
	
they are statistically significant.  This could be because a higher spray voltage and sheath 
gas flow would promote the formation of smaller droplets at the tip of the Taylor cone.  
The sweep gas is shown to need to be decreased because ions are being blown away from 
the inlet instead of just the evaporated solvent. 
Table 1.1: Single factor results for statistically significant factor effects for 25, 74, and 
124µL/min experiments. The green arrows represent the optimal direction that the 
variables should move in order to improve the intensity, STD, %RSD and S/N.   
 
The next set of experiments were done with a flow rate of 10 µL/min with variations 
in the number of microscans and trap time.  The single factor statistically significant 
results are found in Table 1.2.  The results demonstrate that all three gases should be 
decreased to increase the ion intensity. This is probably due to the increase in gas flows 
causing the weaker flow of ions to be pushed away from the skimmer cone of the 
instrument and therefore, lose signal.  The spray voltage is always increased in any of the 
10 µL/min experiments.  This could be due to the lower flow rate causing the droplet to 
build up before it is released.  A higher spray voltage would cause there to be less of a 
buildup of the droplet.   
One	factor
Variables Intensity STD %RSD S/N Intensity STD %RSD S/N Intensity STD %RSD S/N
Sheath	Gas,	x1
Aux	Gas,	x2
Sweep	Gas,	x3
Spray	Voltage,	x4
25	uL/min 74	uL/min 124	uL/min
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Table 1.2: Single-factor results for statistically significant factor effects for 10 µl/min 
factorials where the trap and number of microscans were varied.  The green arrows 
represent the optimal direction that the variables should move in to improve the intensity, 
STD, %RSD and S/N.   
 
The variations of the 10 µL/min experiments also had some interesting results.  The 
decrease from 3 microscans to 1 microscan showed that there was an increase in the 
standard deviation which was to be expected.  The decrease in the number of microscans 
and also the experiment that had the trap time set at 3 ms instead of 50 ms both shared a 
common issue.  This issue results in the signal suddenly dropping to zero as shown in 
Figure 1.5.  This is most likely due to the ESI source sputtering which would then cause 
the ion current to increase too high; as a safety precaution the instrument momentarily 
drops the spray voltage and no signal is seen in the instrument.  The reason why this is 
seen in the 1 microscan experiment and the 3 ms trap time experiment is because both do 
less averaging of the signal due to the analyte ion.  The 1 microscan experiment does not 
average the scans, therefore there are more data points and the drop in the signal can be 
seen.  The 3 ms trap time would also display this drop in signal because the instrument is 
taking in fewer ions at a time.  That means that when the intensity drops to zero there are 
no analyte ions in the trap.  The 50 ms trap time allows time for the voltages to turn back 
on and ions to enter the trap so the signal does not drop to baseline. 
One	factor
Variables Intensity STD %RSD S/N Intensity STD %RSD S/N Intensity STD %RSD S/N
Sheath	Gas,	x1
Aux	Gas,	x2
Sweep	Gas,	x3
Spray	Voltage,	x4
3	microscans,	50	ms	trap	time 1	microscans,	50	ms	trap	time 3	microscans,	3	ms	trap	time
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Figure 1.6:  Mass Spectrum of CHCA to the left. The right shows a chromatogram of the 
total ion current over time for three different experiments.  The 10 µL/min with the 50 ms 
trap time (blue) and the 124 µL/min with the 50 ms trap time (red) show little variation 
and had the highest S/N from each of their factorials.  The 10 µL/min with the 3 ms trap 
time (green) shows what would happen if the variables set did not produce an efficient 
spray.  This spray would be sputtering and the ion current would drop to zero.   
 
 The next set of factorials decreased the flow rate to 5µL/min.  Table 1.3 shows the 
statistically significant single-factor results where the trap time was 50ms for one 
factorial and 3ms for the other factorial.  The first factorial where there were 3 
microscans and 50ms trap time shows that all of the variables were significant for the 
intensity response variable. This follows a similar tend as above, where the gas variables 
should be decreased and the spray voltage should be increased to increase the signal 
intensity.  This is also true for the other factorial that used 5µL/min and the trap time was 
3ms.  As before this is probably because the flow rate is extremely low and the gas flow 
rate may negatively impact the number of ions that are able to make it to the ion transfer 
capillary.  This is a repetitive trend and so the gases should be decreased for future 
experiments while the spray voltage should be increased.   
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Table 1.3: Single factor results for statistically significant single factor effects for the 5 
µl/min with 3 microscans where the trap time was varied factorials.  The green arrows 
represent the optimal direction that the variables should move in to improve the intensity, 
STD, %RSD and S/N. 
 
Besides statistically significant single factor results, there were also statistically 
significant two and three factor interactions.  In order to demonstrate these interactions 
the factorial that will be examined is the 5µL/min with 3 microscans and a 50ms trap time 
using peak intensity as the response.  An example of a statistically significant two-way 
interaction is shown in Figure 1.7.  The values in the plot are the average peak areas 
considering only the sheath gas (x1) and aux gas (x2) variables. Note here that the largest 
response (highlighted with the dark blue box) is obtained at the -1,-1 setting of the 
variables (the lower end of the sheath and aux gas ranges, 5 and 1 respectively); the 
smallest response is observed at the +1,+1 setting.  This means that the sheath and aux 
gases need to be decreased in order to increase the peak intensity of the signal.  There are 
also two other two-way interactions that were statistically significant for peak intensity 
response factorial. These were the sheath gas and spray voltage and the aux gas and 
sweep gas as the second interaction. The sheath gas and spray voltage interaction was 
found to maximize the peak signal intensity with an increase in the spray voltage and 
One	factor
Variables Intensity STD %RSD S/N Intensity STD %RSD S/N
Sheath	Gas,	x1
Aux	Gas,	x2
Sweep	Gas,	x3
Spray	Voltage,	x4
5	ul/min:	3	microscans,	50	ms	trap	time 5	ul/min:	3	microscans,	3	ms	trap	time
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decrease in the sheath gas.  In the second interaction the aux gas needed to be decreased 
while the sweep gas was increased in order to increase the peak signal intensity.   
 
 
Figure 1.7: Example of a statistically significant two factor interaction between sheath 
gas (x1) and aux gas (x2) for the 5µL/min, 3 microscan and 50ms trap time factorial in 
which the numbers represent the peak intensity. The arrow is pointing to the direction 
that the sheath gas and aux gas should be changed to increase the signal intensity. 
 
 The one statistically significant three way interaction for the peak intensity 
factorial is shown in Figure 1.8.  Here the sheath gas (x1), aux gas (x2), and the spray 
voltage (x4) have a statistically significant interaction; the figure shows that in order to 
increase the signal intensity the sheath gas and aux gas need to be decreased while the 
spray voltage needs to be increased. 
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Figure 1.8: Example of a statistically significant three factor interaction between sheath 
gas (x1), aux gas (x2) and spray voltage (x4) for the 5µL/min, 3 microscan and 50ms trap 
time factorial using peak intensity as the response. 
 
  
Conclusion 
 
The FTICR-MS has been shown to be able to identify thousands of peaks due to its 
high mass accuracy and resolution [15, 19-21], however, this work focused on optimizing 
variables on the instrument. To have a better understanding of these aerosol samples, the 
more fundamental aspects of the sample analysis process need to be understood, 
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18	
	
including how the solvent, instrument parameters, etc., affect the aerosol samples.  
Optimizing the variables (sheath gas, aux gas, sweep gas and spray voltage) in the 
instrument will allow for better results and more effective analysis. In almost all of the 
factorials it was shown that signal could be improved if the gas variables were decreased 
and the spray voltage was increased from the values used in the factorial.  It was also 
shown that the trap time should be held longer to allow more ions to be collected and 
analyzed.  As the flow rate decreased the number of statistically significant variables 
increased.  It was also shown that two-way and three-way factor interactions are also 
significant.   
Future experiments should focus on spatially optimizing the ESI source.  This 
would be a good next step because of the lower flow rate the tip of the needle needs to be 
closer to the orifice.  This will hopefully increase the intensity and the reproducibility 
between the spectra. 
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Chapter 2 Spectrophotometry of MALDI Matrices 
 
Introduction 
 
The primary ionization mechanism in MALDI is a highly debated topic.  This has 
resulted in two main competing ionization models [1].  The first ionization model is 
referred to as the coupled physical and chemical dynamics (CPCD) model, developed by 
Knockenmuss [2], [3].  Figure 2.1 shows how the process involves multiple steps for a 
matrix molecule to become ionized.  Step 1 depicts multiphoton absorption by a single 
molecule.  This is a very unlikely scenario as the lasers that are used in MALDI are not of 
high enough intensity to directly excite a molecule to become an ion, which requires the 
absorption of three photons.  Step 2 portrays how transferable the excitation of a 
molecule is through the process of energy hopping, which is dependent upon the packing 
of molecules in the matrix crystals.  Step 3 depicts that there is the possibility of two 
singly excited matrix molecules pooling their excitation.  This results in one molecule 
moving to a higher excited state while the other molecule falls back down to the ground 
state, resulting in a doubly excited matrix molecule.  In Step 4 the pooling occurs for a 
second time between a doubly excited matrix molecule and a singly excited matrix 
molecule.  As the energy in three photons is above the ionization potential, this results in 
production of an ionized matrix molecule [2], [3].   
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Figure 2.1: The Coupled Physical and Chemical Dynamics model proposed by 
Knockenmuss. Panel 1 shows the unlikely direct single molecule multi-photon absorption 
process. Panel 2 illustrates energy hopping between two adjacent molecules. Panels 3 and 
4 show two different energy pooling processes, with the molecule becoming an ion in 
panel 4 [2]. 
 
The other primary ionization mechanism model is referred to as the Lucky Survivor 
model, developed by Karas [4].  This model assumes that the ions are pre-formed in 
solution.  Figure 2.2 illustrates that the molecules maintain their charge when they are in 
the solid state.  When the sample is ablated by the laser, different size clusters of matrix 
form around the analyte molecules in the MALDI plume.  Two pathways that can then 
occur is: 1) neutralization by counter ions or electrons, and 2) fragmentation. Neutralized 
molecules are not seen by the detector.  However, the “lucky survivor” ions that maintain 
their charge are observed by the detector [2, 4].   
22	
	
 
Figure 2.2:  The Lucky Survivor model proposed by Karas [2]. 
The absorption of radiation by MALDI matrices is vital to the MALDI ionization 
process.  One important and generally used matrix is 2,5-dihydroxybenzoic acid (DHB); 
however, there has been some debate over whether other DHB isomers are more efficient 
as a matrix [5]. One means of looking at how well a matrix works is by analyzing how 
much the matrix fluoresces [6].  This is because the loss of energy that occurs in 
fluorescence competes with the pooling of energy to ionize the matrix.  This means that 
matrices that fluorescence less will be more efficient MALDI matrixes. This debate has 
led to the work described in this chapter, where there is an examination of different 
MALDI matrices and how much they fluoresce using common MALDI laser 
wavelengths of 266, 337, and 355 nm for excitation.   
The knowledge that is lacking is a comparison of all DHB isomers by 
fluorescence and UV-visible absorption spectroscopy in the solid state[5], [7] .  The dry 
drop method has been the conventional and easiest method of examining the matrices in 
the solid phase; however, this method has been shown to be inconsistent and does not 
allow for the reproducibility that is needed to compare the different spectra. In this work 
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electrospray deposition (ESD), a great deal more reproducible and controlled method of 
depositing a MALDI sample from solution, will be used [8].  Using ESD to deposit 
different isomers of DHB and comparing the results and being able to overlay the 
fluorescence as well as the UV-Visible spectra would be highly beneficial in comparing 
the different isomers as well as other MALDI matrices.   
The use of different solvents has also been shown to have a large impact on the 
MALDI intensity of analyte peaks in the MALDI experiment [9].  One important area 
that has been examined is how the solvent helps an analyte crystallize with a MALDI 
matrix. Another important feature to emphasize is how the solvent affects the absorption 
of radiation by the solid sample.  Preliminary studies in our group were performed to look 
at how different solvents affect the matrices’ absorption efficiency for UV-visible light as 
well as how it affects the fluorescence of a solid sample of different DHB isomers in the 
solid state. The use of solvents such as MeOH and chloroform showed that the solvent 
affects the fluorescence of a solid state sample [9]. These studies should be expanded to 
include additives such as formic acid to investigate the effects it has on radiation 
absorption. This is another reason why the use of ESD will be significant in getting 
reproducible spectra in which all the DHB isomers are compared. 
Experimental 
 
Materials 
 
2,3-DHB (lot# 09705EBV, purity 99%), 2,4-DHB (lot#11719CY, purity 97%), 
2,5-DHB (lot# 11718DEV, purity 98%), 2,6-DHB (lot#303071, purity 98%), 3,4-DHB 
(lot# 04516AZ , purity 97%) and 3,5-DHB (lot# 99105, purity 97%) were obtained from 
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Sigma-Aldrich and were all used as received.  A Barnstead E-Pure purification system 
was used for deionized water. HPLC Grade ACN and MeOH were from Sigma-Aldrich.  
Sample Preparation 
 
The samples that were analyzed were 2,3-DHB, 2,4-DHB, 2,5 DHB, 2,6-DHB, 
3,4-DHB, and 3,5-DHB.  The different solvents that were used were MeOH, ACN, 
ACN:H2O (2:1), and ACN:H2O (2:1) with 0.1% TFA.  The solutions were made to be 0.1 
M because that would be a normal concentration used for a MALDI sample; however, to 
be in the range of the fluorescence instrument, the solutions were diluted down to 0.025 
mM. For the solid state fluorescence measurements 3µl of each of the solutions was 
deposited onto a stainless steel wafer by the dry drop method. ESD samples were 
prepared at a concentration of 0.05M and were sprayed for 2 minutes at a flow rate of 
5µL/min from a distance of 2.5 cm. 
Instrumentation 
 
Samples were analyzed using a Perkin Elmer (Shelton, CT) LS55B luminescence 
spectrophotometer.  Instrument settings included the excitation and emission slit widths 
being set to 5 nm, a 1 absorption unit neutral density filter was placed in the emission 
path, with a range from 200-800 nm and the analysis used a scan speed of 200 nm/min.  
The different excitation wavelengths used were 266 nm, 337 nm, and 355 nm, which are 
wavelengths of common lasers used for MALDI. The samples were also analyzed using a 
Perkin-Elmer Lambda-950 UV-Visible/NIR absorption spectrophotometer.  Scans over 
the range of 200-700nm were taken with a 1 nm slit width, 266.75 nm/min scan speed, 
with data saved at a 1nm data interval and with the lamp change at 319.20 nm.  
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Results & Discussion 
 
The fluorescence of 0.025mM solutions of 2,3-DHB, 2,4-DHB, 2,5-DHB, 2,6-
DHB, 3,4-DHB, and 3,5-DHB in MeOH, ACN, ACN:H2O (2:1), and ACN:H2O (2:1) 
with 0.1% TFA were analyzed with excitation at 266, 337, and 355 nm.  The 355 nm 
wavelength is the wavelength that was first investigated because it is the wavelength of 
the neodynium-doped yttrium aluminum garnet (Nd:YAG) laser that is used on the 
Bruker Autoflex III MALDI TOFMS.  As an example, Figure 2.3 shows emission spectra 
of 2,5-DHB collected from all four different solvents. Spectra of the other isomers of 
DHB are included in appendix B.  
  
Figure 2.3: Fluorescence emission spectra of 0.025 mM solutions of 2,5-DHB in a series 
of solvents.  The solvents that were used were MeOH (blue), ACN (purple), ACN:H2O 
(2:1) (red), and ACN:H2O (2:1) with 0.1% TFA (green).  The excitation wavelength used 
was 355 nm.   
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The data shows that as the solvent changes, it affects the fluorescence intensity of 
the molecule.  MeOH and the ACN:H2O solutions appear to have higher fluorescence 
intensities; the pure ACN and ACN:H2O with TFA solutions have lower intensities.  This 
is especially interesting because the addition of TFA to ACN:H2O shows that the addition 
of an acid greatly decreases the fluorescence of the solution.  It decreases it so much so 
that it is lower than even the solution made with ACN.  
The shift in emission wavelength depends upon the type of solvent and its 
interaction with the analyte.  A less polar solvent will cause less of a shift, if any at all, 
because the only interactions that are occurring between the solvent and the analyte are 
London dispersion forces.  This weak interaction causes the excited state to not be 
stabilized by the solvent electron cloud and therefore, there is only a small change in the 
energy of the excited state of the analyte. However, for a polar solvent the types of 
intramolecular interactions that can occur also include dipole-dipole, ion-dipole and 
hydrogen bonding.  This leads to a stronger interaction and greater stabilization of the 
analyte’s electronic excited state [5], [9].  The greater stabilization means that the 
transition from the excited state to the ground state is smaller than usual, which is called 
solvent relaxation.  This means that the energy gap will be lower and there will be a 
solvent shift to longer wavelength [10].  However, this may not always be the case 
because the effect of the solvent on the analyte’s electronic states depends upon the 
structure of the analyte.  If the ground state is more polar, such as if it is in its anionic 
form, the ground state will be stabilized by the polar solvent and thus be lower in energy.  
This means that the energy gap between the excited state and ground state will increase, 
causing a shift to shorter wavelength. The solvent effect upon the analyte depends on the 
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analyte’s structure and polarity. The variances in the intensities of the analyte 
fluorescence could be due to the solvent causing changes in the molar absorptivity and/or 
the quantum yield. 
In Figure 2.4 the same solutions used above were analyzed in the UV-Visible 
absorption spectrophotometer.  One area to focus on is the 355 nm region because that is 
the wavelength of laser that we use in MALDI.  The variations in intensity could be 
because of the different solvents causing a change in the molar absorptivity of analyte.  
One important comparison between Figure 2.3 and Figure 2.4 is the comparison of 2,5-
DHB in ACN and ACN:H2O with 0.1% TFA. The two solutions of 2,5-DHB in the 
different solvents have the same absorption, however, different fluorescence intensities.  
This could be due to the 2,5 DHB in ACN having a higher quantum yield and/or the 2,5-
DHB in ACN:H2O with 0.1% TFA having a lower quantum yield.   
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Figure 2.4:  UV-Visible absorption spectra of 0.025 mM solutions of 2,5-DHB in a 
series of different solvents. The different solvents that were used were MeOH (blue), 
ACN (pink), ACN:H2O (2:1) (green), and ACN:H2O (2:1) with 0.1% TFA (red). 
Since a MALDI experiment starts off with the sample in the solid state, analyzing 
samples in the solid rather than liquid phase makes more sense.  Fluorescence and UV-
visible analysis of the DHB isomers using solid samples was attempted.  Using the dry 
drop method it was shown that the fluorescence and absorption changes depend on the 
solvent just as they do in solution. These changes are demonstrated in Figure 2.5. This 
shows 2,5-DHB that was dissolved in in ACN and deposited has the largest fluorescence 
in the solid state. However, it was difficult to align the MALDI samples on the solid-state 
sample holder, and as no replicate spectra were collected, any quantitative comparisons 
of emission intensities between samples prepared from different solvents should be 
treated as preliminary. 
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Figure 2.5: Fluorescence emission spectra of solid dry drop samples of 2,5-DHB 
deposited from a series of different solvents.  The different solvents that were used were 
MeOH (blue), ACN (purple), ACN:H2O (2:1) (red), and ACN:H2O (2:1) with 0.1% TFA 
(green).  The excitation wavelength used was 355 nm.   
The next step would be to analyze a homogeneous solid sample that is 
reproducible. This would allow for a comparison between the solvents and can be done 
by using ESD.  Figure 2.6 shows that using ESD produces relatively reproducible 
emission spectra from a 0.05 M 2,5-DHB MeOH solution excited at 355 nm. The 
expansion is to demonstrate the reproducibility of ESD with 4 replicate sprayed samples. 
At ~406 nm the average intensity is 101 and the % RSD is about 10.0%. 
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Figure 2.6: Fluorescence emission spectra of 4 replicate ESD sprayed samples of a 0.05 
M solution of 2,5-DHB in MeOH.   
 The rest of the data for the other isomers will be included in appendix B. This 
data will include fluorescence emission spectra for dry drop prepared samples of all DHB 
isomers with excitation at 266, 337, and 355 nm wavelengths in the solvents used above. 
Conclusion 
 
It has been shown that solvent has a major impact upon not only on the 
fluorescence of a sample, but also the absorption.  2,5-DHB in MeOH had the largest 
absorption at 355 nm, but a lower fluorescence. It was also shown that solid and solution 
phase fluorescence can differ, but even if the solid state is being used, the solvent that the 
solid was dissolved in may have a major impact.  Future expansion of this work using 
ESD to study reproducible solid samples will allow for samples that use different 
solvents and isomers to be quantitatively compared.   
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Chapter 3 MALDI Solution Property Measurements 
 
Introduction 
 
Electrospray deposition will be discussed in the next chapter, but an important 
aspect of this method is the wetness of the spray. There are a number of variables that 
have been found to influence the initial droplet diameter and thus the wetness of the ESD 
spray.  These variables are worth studying because the wetness of the spray will impact 
the morphology of the particles that are deposited[1].  Equation 3.1 is a experimentally 
derived equation for the initial droplet diameter in a cone jet mode[2].  
       (3.1) 
In equation 3.1, d, Q, ρ, εo, γ, and K are the initial droplet diameter at the needle 
tip (µm), flow rate (m3/s), density of the spraying solution (g/mL), electrical permittivity 
of vacuum (F/m), surface tension (N/m) and specific conductivity of the solution (S/m), 
respectively.  The electrical permittivity and flow rate are two terms that can be viewed 
as a constant and a set variable, respectively.  The flow rate will have the largest impact 
on the initial droplet diameter with a square root relationship.  The solvent, the matrix, 
and the concentration of the solution will affect the density, surface tension, and 
conductivity of the ESD solution.  These variables all have a one-sixth root relationship 
with the initial droplet diameter.  The measurements of these variables can then be used 
as inputs into equation 3.1 and the initial droplet diameter calculated.  
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The density, conductivity and surface tension of a solution are common properties 
that can be easily measured. The density of the solution will be dependent upon the solute 
that is added and can be compared to the pure solvent.  The conductivity measurement 
will be highly dependent upon the concentration of the solution, dissolved solute and the 
solvent used.  The addition of water to methanol tends to increase the conductivity of a 
solution compared to the same solution in pure MeOH due to a higher amount of ions[3]. 
There are a few different ways to measure the surface tension of a solution, 
including Rayleigh's method of ripples [4], the Wilhelmy plate or ring method[5] and the 
capillary rise method[6].  The capillary rise method is the method that was used for the 
experiments in this chapter and is described below in the experimental section.  One of 
the expectations is that when a solute is added to the solvent, the surface tension will be 
affected. However, the change is dependent upon the solute that is added. If a surfactant 
is added the surface tension of the solution decreases, but a solute that is not a surfactant 
and contains a salt often leads to an increase in surface tension for the solution as 
compared to the pure solvent[7]. 
Experimental 
 
Materials 
 
 2,5-DHB (lot# 11718DEV, purity 98%), SA (lot# 07201TV, purity 98%) and 
CHCA (lot# MKBK9592V, purity of ≥98%) were from Sigma-Aldrich and were all used 
as received.  The conductivity calibration solutions were made using NaCl obtained from 
Fisher Scientific (lot# 930260).  A Barnstead E-Pure purification system was used for 
deionized water. HPLC Grade MeOH was from Sigma-Aldrich.  200 proof Pharmco-
34	
	
AAPER ACS/USP Grade Ethanol was used as received.  HPLC grade Acetone was from 
Sigma-Aldrich. 
Sample Preparation 
 
 0.10M solutions of 2,5-DHB , CHCA and SA were made in MeOH and 
MeOH:water (90:10 v/v).  Sample property measurements were first made on the 0.10 M 
solution; that solution was then diluted down to 0.065 and 0.03 M and the sample 
property measurements were repeated. 
 The (1000µS/cm) conductivity calibration solution was made by dissolving 49.1 
mg of NaCl in a 100 mL volumetric flask with distilled water.  The second (100 µS/cm) 
calibration solution was made by diluting the first solution by a factor of 10. 
Methods 
 
Sample properties including density, surface tension, and conductivity were 
investigated at room temperature, between 20 and 25˚C.  The density was measured by 
taring a 10 mL volumetric flask and its cap and then the desired mass of matrix was 
measured inside of it. The solvent was then added to slightly below the line, the solution 
shaken to dissolve the matrix, and then solvent was added up to the line.  The mass of the 
solution was then taken.  The surface tension measurements were made using the 
capillary rise method [8]. The capillary rise method was performed by taking a 5 or 20 µL 
Drummond Scientific, Inc. (Broomall, PA) microcap and inserting it into the solution.  
Once filled the capillary was laid down next to a General (Secaucus, NJ) Depth/Angle 
Gauge (#444) and the length of solution inside the capillary measured to 1/64th of an 
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inch using a magnifying lens.  A new capillary was used for each of the 4 replicate 
measurements made. The conductivity was measured using a Vernier Software and 
Technology (Beaverton, Oregon) conductivity probe model CON-BTA. The conductivity 
probe was calibrated using the 100 uS/cm and 1000 uS/cm NaCl solutions described 
above. The probe was inserted into the solution 5 times to find the conductivity.  
 
Results & Discussion 
 
The first thing to do was to examine how well the capillary rise method described 
above worked with solutions of known surface tension.  The density of the pure solvents 
was measured and then the surface tension measurements were made and compared with 
values found in the literature.  These values can be found in Table 3.1.  Using the 
reported standard deviation values the 95% confidence intervals were calculated and 
found to include the literature values. Therefore the values determined using the capillary 
rise method were found to not be statistically different from the literature values, except 
for the MeOH:water (90:10) measurement.  This exception could be due to the 
MeOH:water (90:10) measurements being made at a lower temperature which causes the 
surface tension to increase. 
Table 3.1: Measurements of the density and surface tension of pure solvents between 20 
and 25˚C.  The literature values for the surface tension of pure solvents for MeOH[9], 
EtOH[10], Acetone[11], and MeOH:water (90:10)[12] were for 25˚C.  Literature values 
were found by using Reaxys.  
 
MeOH Ethanol Acetone MeOH:Water	(90:10)
Density	(g/mL) 0.788 0.788 0.790 0.8268
Surface	Tension	(mN/m) 23.12 22.69 23.90 25.70
Standard	Deviation	(N=4),	mN/m 0.713 1.166 0.199 0.464
Literature	Surface	Tension	(mN/m) 22.60 21.74 22.99 23.93
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The density and surface tension for solutions prepared using a few different 
matrices, concentrations and two different solvents were then investigated.  2,5-DHB, 
CHCA and SA at concentrations of 0.03, 0.065 and 0.1M in MeOH and MeOH:water 
(90:10) were analysed since these are commonly used solutions in MALDI analyses.  The 
first measurement made was density, which is shown in Figure 3.1.  The most unexpected 
outcome of this measurement was that as shown in Figure 3.1A, the density of 0.03M 
solutions of SA and CHCA are below the density of the pure solvent MeOH. It is also 
interesting that SA has a larger slope than the other two matrices which have similar 
slopes. As shown in Figure 3.1B, all three 0.03M matrix solutions and the 0.06M 2,5-
DHB solution have a lower density than the MeOH:water (90:10) solvent. 
 
Figure 3.1: Density measurements of 0.03, 0.065 and 0.10M solutions of 2,5-DHB, 
CHCA and SA in MeOH (A) and MeOH:water (90:10) (B).  The purple line represents 
the density of the pure solvents. 
 
Figure 3.2 shows results of the surface tension measurements that were made for 
the solutions prepared at various concentrations. Figure 3.2A shows that the surface 
tension of a number of the solutions is actually lower than that of the pure solvent, 
MeOH.  The surface tension of the 2,5-DHB and CHCA solutions increase linearly with 
A)	 B)	
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concentration, while those for SA first increase, but then level out.  Figure 3.2B follows 
the predicted trend that when a solute is added to a solvent, the surface tension is 
increased, especially if the solute has a salt included [7].  The surface tension for all the 
solutions is higher than that of the pure solvent, MeOH:water (90:10).  When a matrix is 
added to the MeOH:water (90:10) solution solvation occurs, which strengthens the 
electrostatic interactions in the solution and therefore the surface tension increases. 
 
Figure 3.2: Surface tension values of 0.03, 0.065 and 0.1M solutions of 2,5-DHB, CHCA 
and SA in MeOH (A) and MeOH:water (90:10) (B).  The purple line represents the 
surface tension of the pure solvents. 
 
 Figure 3.3 shows the conductivity of 2,5-DHB, CHCA and SA solutions prepared 
at various concentrations in MeOH and MeOH:water (90:10).  The conductivity of the 
2,5-DHB and CHCA solutions increase with an increase in concentration. Note, however, 
that the conductivity of SA in MeOH does not increase with concentration as it does in 
the 90:10 MeOH:water mixture. The reason for this is probably that SA more easily 
dissociates in the MeOH:water (90:10) solution as opposed to pure MeOH.  This is 
actually true for all the matrices. 2,5-DHB’s conductivity doubles and CHCA changes by 
a factor of eight when the solvent is changed from MeOH to MeOH:water (90:10).  This 
means that the addition of water allows for a higher amount of dissociation of the 
A)	 B)	
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matrices in MeOH:water (90:10). Therefore, with higher dissociation there will be a 
higher conductivity when water is added.   
 
Figure 3.3: Conductivity values of 0.03, 0.065 and 0.10M solutions of 2,5-DHB, CHCA 
and SA in MeOH (A) and MeOH:water (90:10) (B).  The purple line represents the 
conductivity of the pure solvents. 
 
 Tables 3.2 and 3.3 provide the numerical values for the density, surface tension, 
and conductivity which can be used as inputs for equation 3.1 to calculate the initial 
droplet diameter.  The initial droplet size is calculated for a flow rate of 5µL/min.  Note 
that the initial diameter of the droplet is larger for the pure solvents than for any of the 
matrix solutions.  Solutions made with MeOH:water (90:10) have initial droplet diameter 
values that are about a quarter of the initial droplet sizes of MeOH.  This means that the 
MeOH solutions will form a wetter spray, at least initially.  Although this does give us an 
idea of the initial droplet diameters, the evaporation of the solvent as the droplets travel 
from the needle to the sample plate will also need to be taken into account in the next 
QCM chapter.  Another important factor is that with such a low conductivity, SA has a 
larger initial droplet than CHCA or 2,5-DHB.  The conductivity appears to have a larger 
impact on the initial droplet diameter because it has the largest difference between all of 
the different parameters that were measured.  
A)	 B)	
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Table 3.2: Summary of the measured properties of density, surface tension and 
conductivity for several matrix solutions prepared at different concentrations in MeOH 
and the subsequent initial droplet diameter calculated using Equation 3.1 when the flow 
rate is 5µL/min. 
 
 
 
Table 3.3: Summary of the measured properties of density, surface tension and 
conductivity for several matrix solutions prepared at different concentrations in 
MeOH:water (90:10) and the subsequent initial droplet diameter calculated using 
Equation 3.1 when the flow rate is 5µL/min.  
 
 
Conclusion 
 
Density, conductivity and surface tension were measured for 2,5-DHB, CHCA and 
SA solutions at various concentrations in MeOH and MeOH:water (90:10).  There were a 
few unexpected results including that the densities of the lower concentrations for both 
solutions were lower than the pure solvent densities.  The other unexpected result was 
that the surface tension for the lower concentration of matrix in MeOH was lower than 
that of the pure solvent.  However, in MeOH:water (90:10) all of the surface tension 
measurements were above that of the pure solvent.  The conductivity values were 
interesting because solutions of both 2,5-DHB and CHCA had higher values that 
MeOH
Concentration	(M) 0.00 0.10 0.065 0.03 0.10 0.065 0.03 0.10 0.065 0.03
Density	(g/mL): 0.79 0.81 0.80 0.79 0.80 0.79 0.79 0.85 0.81 0.78
Surface	Tension	(mN/m) 23.04 24.90 22.60 21.78 22.80 24.68 23.99 23.21 23.13 21.32
Standard	Deviation	(N=4),	mN/m 0.243 1.02 0.92 0.80 0.66 0.53 1.20 0.87 0.57 0.85
Conductivity	(uS/cm) 11 301 281 140 141 81 49 19 18 18
Initial	Droplet	Diameter	(um) 3.58 2.05 2.10 2.37 2.35 2.54 2.77 3.31 3.32 3.33
2,5	DHB CHCA SA
MeOH:	Water	
(90:10)
Concentration	(M) 0.00 0.10 0.07 0.03 0.10 0.07 0.03 0.10 0.07 0.03
Density	(g/mL): 0.83 0.83 0.82 0.82 0.83 0.83 0.82 0.84 0.83 0.82
Surface	Tension	(mN/m) 25.30 27.32 30.00 30.66 30.79 29.97 30.37 28.65 29.74 29.04
Standard	Deviation	(N=4),	mN/m 0.971 0.753 0.918 0.823 0.850 0.555 1.094 0.627 0.770 0.765
Conductivity	(uS/cm) 16 828 651 433 718 685 410 119 93 55
Initial	Droplet	Diameter	(um) 3.34 1.71 1.75 1.86 1.72 1.74 1.89 2.35 2.43 2.65
2,5	DHB CHCA SA
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increased as concentration increased in both MeOH and MeOH:water (90:10).  The 
conductivity of the SA solutions remained low and close to that of the pure solvent 
conductivity in MeOH, but it did show an increase in conductivity as concentration 
increased for MeOH:water (90:10).  This suggests SA dissociated more in the 
MeOH:water (90:10) solution. 
Once these values were measured and entered into equation 3.1, the values showed 
that the methanol solutions have a larger initial droplet size than the solutions of 
MeOH:water (90:10).  This has interesting implications for the next chapter where the 
wetness of the deposited matrix is measured using the QCM.  Future work for this project 
would include expanding the range of solvents, matrices, and concentrations studied to 
measure densities, conductivities and surface tensions to further predict the initial droplet 
diameter from the measured solution properties. 
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Chapter 4 Quartz Crystal Microbalance Studies 
 
Introduction 
 
One means of studying the deposition of solvents and solute by ESD is through use of 
a quartz crystal microbalance (QCM).  MALDI and QCM have previously been used 
together to study the adsorption of proteins on the quartz crystal surface[1].  A QCM has 
also been used to study the MALDI process directly [2], [3]. Previous research in our 
group used a QCM to study the MALDI desorption process by a measuring how much 
matrix was desorbed by irradiation using a laser at both 337 and 355 nm [4]. A QCM is 
often used to study the interaction of a deposited solid with a solute in solution flowing 
through a flow-cell [5], [6].   
A QCM operates using the piezoelectric effect, which occurs for only certain 
materials. In this case mechanical deformation occurs in the quartz crystal when an 
electric current is applied.  When an alternating current is applied to the quartz 
oscillations can occur; adding a mass load to the crystal surface can change the frequency 
of these oscillations as shown in Figure 4.1.   
 
Figure 4.1:  An illustration of how a QCM works. The left side of the figure shows that 
without mass the crystal oscillates at a resonant frequency. The right side shows that as 
you add mass, the frequency changes and can be related to the mass through the 
Sauerbrey equation [7]. 
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The change in frequency based upon the mass load is found using the Sauerbrey 
equation, Equation 4.1, where f, Cf, and m represent the frequency, sensitivity factor of 
the crystal, and mass, respectively [8].  The QCM will measure a change in the frequency 
of the crystal resonator and the mass change per unit area of the crystal will be calculated 
from that change.  
                                                     ∆𝑓 = −𝐶! 𝑥 ∆𝑚         (4.1) 
The Sauerbrey equation makes several assumptions that need to be taken into 
account.  Some of these assumptions are that the mass deposited is rigid, that it is spread 
evenly over the crystal surface, and that the material loaded has the same viscoelastic 
properties as the crystal used.  Because some of these assumptions are sometimes 
violated the Voigt model [9] is often used.  This model takes into account soft or 
viscoelastic solids.  The problem with these types of materials is that energy is lost during 
oscillation of the material on the crystal since it is not firmly adhered to the crystal and 
will not oscillate the same as the crystal.  This will show up as a “mass loss” or a lower 
mass measured by the QCM. The Voigt model corrects for this error by taking into 
account the energy loss and by doing dissipation measurments.  Instruments that take this 
problem into account are known as a QCM with dissipation monitoring, or QCM-D.  This 
“missing mass” issue has been seen in previous research [10], [11].  This is important for 
the work described below and becomes an issue since the instrument used is a QCM, 
which does not have the dissipation monitoring.  In the experiments here the MALDI 
samples will be deposited onto the QCM using ESD.  
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Experimental 
 
Materials 
 
The MALDI matrices 2,5-DHB (lot# 11718DEV, purity 98%), CHCA (lot# 
MKBK9592V, purity of ≥98%) and SA (lot# 07201TV, purity 98%) are from Sigma-
Aldrich and were used as received. A Barnstead E-Pure purification system was used for 
deionized water. HPLC Grade MeOH was from Sigma-Aldrich.  
Instrumentation 
 
Figure 4.2 displays a schematic of the ESD setup.  A 1000 µL Hamilton (Reno, NV) 
gas-tight syringe is placed in a Harvard Apparatus Inc. (Holliston, MA) model 22 
infusion pump.  The high voltage power supply is based on a Bertan, Inc. (Hauppauge, 
NY) model PMT-75CP-3 0 250 µA precision PMT power supply module, output voltage 
0–7.5 kV. The electrospray (ES) needle is stainless steel (SS) with a length of a 100 mm 
and 1.6 mm o.d. x 0.25 mm i.d.  The needle is connected to PEEK tubing that is 0.5 m in 
length and has a 0.125 mm i.d. The Teflon tubing and the HPLC tubing (Alltech, Inc., 
Deerfield, IL) are connected by a Hamilton three port 90˚ valve. Sample is injected into 
the ESD needle through a Hamilton 3-way valve. The Hamilton syringe and PEEK tubing 
are filled with MeOH that is used as a backing solution. The syringe pump pushes 
backing solution which in turn pushes the sample solution through the needle.  A 7500 V 
maximum power supply applies a voltage to the needle and the sample plate is held at 
ground, forming an electric field between the two.  The electric field causes the solution 
eluting from the needle to form a Taylor cone, which is part of the cone jet mode 
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spraying regime. Small droplets are emitted from the tip of the Taylor cone.  These 
droplets become smaller as evaporation of the solvent occurs. Once the Rayleigh limit is 
reached, coulombic explosions occur, further decreasing the size of the droplets [12].  
 
Figure 4.2: The electrospray deposition setup [4]. 
Various forms of the cone jet mode that may be observed are shown in Figure 4.3.  
Each of these different modes can form a stable spray.  The mode that samples were 
sprayed in for all of the experiments was the Taylor cone mode (a), which sprays 
reproducibly.  However, there are several types of spraying modes that can occur besides 
the Taylor cone mode (b-e).  Spraying modes (b) and (c) are elongated cones that occur 
when the voltage is too low to form a stable Taylor cone.  The hydrodynamic interactions 
cause the cone to stretch and more solution to flow out of the needle. However, (d) is 
close to the multi-jet mode, where the voltage is higher than it should be to form a stable 
Taylor cone.  The Taylor cone retracts back into the needle as in (d) and may also rotate 
and spray in a circular pattern. Skewed cone jet (e) shows that the spray can be off center 
which is usually due to crystalized matrix on the tip of the needle. 
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Figure 4.3: Different modes of spraying for the cone jet regime [13]. 
 
Samples for analysis using the Inficon, Inc. (formerly Maxtek, Inc.) Research 
Quartz Crystal Microbalance (RQCM) were sprayed via ESD onto a Maxtek, Inc. 
(Syracuse, NY) 5MHz AT-cut crystal.  The RQCM has a sensitivity of >0.4 ng/cm2. 
Methods 
 
Various concentrations of 2,5-DHB, SA, CHCA as well as pure solvents such as 
MeOH and MeOH:water (90:10) were deposited on the RQCM using ESD. The solutions 
were sprayed at a flow rate of 2.5 and 5 µL/min and from spray heights ranging from 1 to 
3.5 cm in 0.5 cm increments.  In order to use ESD to spray onto the RQCM a different 
spraying procedure was needed. This was due to a spike in voltage upon initially turning 
on the system producing a mini electromagnetic pulse (EMP) which caused the RQCM 
software to freeze. To avoid this problem the ESD voltage was turned on approximately 
2000 V below where a Taylor cone would form. The RQCM software was then started 
and the voltage was slowly ramped up (approximately 2000 V in less than ten seconds) 
until a Taylor cone was formed and then the syringe pump flow was turned on. 
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Results & Discussion 
 
Solvent Sprays 
 
An example of MeOH (A) and MeOH:water (90:10) (B) solvent sprays are shown in 
Figure 4.4. In this figure the solvent deposition curve can be broken up into four parts. 
The first section is prior to the deposition starting. The second section is where the flow 
rate and voltage was applied and the solvent is deposited.  The third section is where the 
evaporation and deposition reach equilibrium; the measured mass in this “flat top” 
portion of the curve remains fairly constant.  The fourth section is when the flow rate and 
voltage were switched off and the solvent evaporates. 
 
 
Figure 4.4: Deposition curves obtained for 30 second sprays of (A) pure MeOH from a 
height of 1.5cm and (B) MeOH:water (90:10) from a height of 3cm at a flow rate of 5 
µL/min onto the QCM crystal. The individual sections of the curve marked 1-4 are 
described in the text. 
 
The average mass of solvent deposited was found by averaging 18 seconds of the 
“flat top” (portion 3) in Figure 4.4 for four replicates at each spray height. Figure 4.5 
shows the results using the different parameters of spray height, solvent and flow rate.  
B)	A)	
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Figure 4.5A shows measured results for a pure MeOH spray at flow rates of 2.5 and 5 
µL/min.  This shows that at both flow rates the solvent deposited decreases as the spray 
height increases.  It is interesting to see that as the spray height increases the 95% 
confidence interval (shown by the error bars on the points) decreases.  It is also shown 
that as the spray height increases the solvent deposited by the different flow rates 
becomes statistically the same at spray distances of 2.5 cm and higher. 
Figure 4.5B shows the average mass of solvent deposited for MeOH:water 
(90:10) at flow rates of 2.5 and 5 µL/min over 1 to 3.5 cm spray heights with 0.5 cm 
increments.  This plot shows a similar trend as the pure MeOH sprays where the solvent 
deposited decreases as the spray height increases.  It also demonstrates that the higher 
flow rate deposits a higher amount of solvent.  If the MeOH and MeOH:water (90:10) 
depositions are compared, it can be seen that the MeOH:water (90:10) depositions had a 
higher amount of solvent deposited. This is probably due to the water in the MeOH:water 
(90:10) depositions being less volatile than MeOH and so more of it is left on the crystal 
surface than just pure MeOH. 
 
Figure 4.5: Average mass of the “flat top” region of the pure MeOH (A, purple and blue) 
and MeOH:water (90:10) (B, green and red) spray for four replicates at each spray height.  
The two flow rates studied were 2.5 µL/min (diamonds) and 5 µL/min (circles). 
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MALDI Sample Sprays 
 
Figure 4.6A shows that the QCM deposition curve for a MALDI sample solution 
can be broken up into four parts.  The first section is prior to the deposition starting. The 
second section is where the flow rate and voltage was applied and sample was being 
deposited.  The third and fourth sections are where the flow rate and voltage were 
switched off and no more matrix was being deposited.  That the mass decreases slightly 
in the third section shows that there is still some solvent on the plate after the deposition; 
the exponential decrease in mass observed is due to the evaporation of this solvent.  The 
flat fourth portion of the curve corresponds to the mass of the solid sample deposited.  In 
Figure 4.6B there are three different portions that will be analyzed in the future 
experiments.  Section A shows a slight change in the slope of the depositing mass.  
Section B shows the amount of solvent that is deposited and evaporated.  Section C 
shows that the mass deposited may not match the calculated mass that should have been 
deposited. 
 
Figure 4.6: Example of a deposition curve obtained by monitoring the mass deposited on 
the QCM as a function of time for a 0.1M solution of 2,5-DHB in MeOH via ESD 
(deposited with a 2.5 µL/min flow rate for 30 seconds at a 1.5 cm spray height). The 
individual sections of the curve marked 1-4 and A-C are described in the text. 
 
30	
seconds	 Solvent	
Evaporated	
(Loss)	
A)	 B)	
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Figure 4.7 shows the mass of DHB deposited for each flow rate and spray height 
under two solvent conditions.  This figure depicts portion C in Figure 4.6B.  Figure 4.7A 
shows results for the deposition of 2,5-DHB in MeOH for 2.5 and 5 µL/min.  This plot 
shows that for the 5 µL/min flow rate the amount of sample that is deposited is lower 
than the amount expected when depositing from distances of 2 to 3 cm.  For the 2.5 
µL/min flow rate a similar lower amount deposited is seen at spray heights of 3 and 3.5 
cm.  This is also displayed in 4.6B, where 2,5-DHB in MeOH:water (90:10) was 
deposited.  In Figure 4.7B, both the 2 to 3 cm increments show the measured mass to be 
lower than the expected mass.  The cause of this apparent mass loss for both flow rates is 
at present unknown.  It may be due to the loss of very small charged wet droplets 
(resulting from small “satellite droplets” fissioning from the larger droplets initially 
produced in the electrospray process [4], or from the loss of neutral molecules, which 
aren’t affected by the applied electric field.  This apparent loss may not, however, be due 
to a true loss of mass, such as would be due to deposition of sample somewhere else other 
than the grounded QCM surface. One alternate explanation is that the viscoelastic 
properties of the deposited solid particles from the drier sprays may act more like a 
flexible sponge-like solid and less like a rigid substance, affecting the frequency loss 
measured by the QCM as mass is deposited.  Conversion of this frequency change to 
mass would then lead to an incorrect value, which alternatively could be investigated by a 
QCM-D [14].   
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Figure 4.7: Plot of the mass of 2,5-DHB matrix deposited on the QCM crystal as a 
function of spray height using MeOH (A, purple and blue) and MeOH:water (90:10) (B, 
green).  The mass deposited was taken thirty seconds after solvent evaporated, in section 
4 as shown in Figure 4.6A. The purple and blue lines show the calculated mass that 
should be deposited, approximately, 30 and 15 µg/cm^2 for a flow rate of 2.5 µL/min 
(diamonds) and 5 µL/min (circles), respectively. 
 
Figure 4.8 shows the average mass of the residual solvent deposited as a function 
of spray height as illustrated in section B of Figure 4.6B.  The results show that as the 
spray height increases, the spray becomes drier.  This is because as the spray height 
increases the solvent has more time to evaporate on its way to the plate, decreasing the 
amount of solvent that is deposited. Figure 4.8A shows that for a 0.1 M solution of 2,5-
DHB in MeOH the higher flow rate of 5 µL/min deposits a larger amount of solvent 
compared to the 2.5 µL/min flow rate.  However, there appears to be a leveling off at 3 
cm where the amount of solvent deposited at the two flow rates is not statistically 
different.  This can also be compared to the pure solvent spray in figure 4.5B.  This 
comparison shows that pure solvent spray has a higher amount of solvent deposited as 
compared to the residual amount of solvent evaporated after the matrix solution is 
deposited.  This could be because the initial droplet as calculated in Chapter 3 of MeOH 
is larger than the initial droplet of a solution with matrix. 
 
A)	 B)	
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Figure 4.8: Plot of the mass of solvent evaporated from the deposited matrix sample (as 
section 3 on Figure 4.6A) as a function of spray height. 0.1M 2,5-DHB in MeOH (A-
purple and blue) and MeOH:water (90:10) (B, green). The two flow rates studied are 2.5 
µL/min (diamonds) and 5 µL/min (circles). 
 
Figure 4.9 shows the mass of matrix deposited (as illustrated by portion C in 
Figure 4.6B) as a function of spray time for 0.03M solutions of 2,5-DHB, SA, and CHCA 
in 90:10 MeOH:water at spray heights of 1.5 and 2.5 cm using a flow rate of 5 µL/min.  
The data shows that the measured masses for 2,5-DHB and CHCA are both lower than 
the expected masses. However, the measured and expected masses obtained for the SA 
solution deposited from the 1.5 cm spray height are statistically the same. 
A)	 B)	
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Figure 4.9: Plot of the mass of 0.03M 2,5-DHB (blue), CHCA (green), and SA (red) 
deposited on the QCM crystal as a function of spray time using MeOH:water (90:10) 
solvent.  The mass deposited was taken thirty seconds after the solvent evaporated, in 
section 4 as shown in Figure 4.6A. The solid lines show the calculated mass that should 
be deposited and the spray heights are 1.5 cm (diamonds) and 2.5 cm (circle).  
Figure 4.10 shows a closer look at the mass of matrix deposited for one-minute 
sprays of the 2,5-DHB and SA solutions from 1.5 and 2.5 cm spray heights.  The data 
shows that the measured mass of SA is statistically more or statistically the same as the 
calculated mass; however, the measured mass of 2,5-DHB is less than what is expected 
for both spray heights.  One explanation for this observation is that the SA solution has a 
lower conductivity and thus a larger initial droplet diameter than 2,5-DHB as shown in 
the chapter 2 results.  This could mean that since SA is a wetter spray it produces a more 
compacted conglomerated deposited sample.  The AFM micrographs shown in chapter 5 
show that a wetter spray does produce a more conglomerated deposited sample.  This 
could lead to the QCM measurement being a more accurate representation of the mass 
deposited. Conversely, since 2,5-DHB is a drier spray this could lead to a spongier 
deposited sample thus leading to an inaccurate measured mass. 
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Figure 4.10:  Plot of the mass of 0.03 M solutions of 2,5-DHB (blue) and SA (red) 
deposited on the QCM crystal as a function of spray height using MeOH:water (90:10).  
The mass deposited was taken thirty seconds after solvent evaporated, in section 4 as 
shown in Figure 4.6A. The solid lines show the calculated mass that should be deposited.  
 
Figure 4.11 shows the mass of solvent deposited for the sprays illustrated in 
portion B in Figure 4.5B.  The data in this figure suggests that there must be an 
equilibrium established between the solvent deposited and the solvent evaporated by 30 
seconds.  This is thought to be because for each of the matrices the amount of solvent 
measured is statistically the same for each of the spray times.  The data also shows that 
the SA solution sprayed from a height of 1.5cm has statistically the highest amount of 
solvent deposited for all the matrices and spray heights.   
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Figure 4.11: Plot of the mass of the solvent deposited onto QCM crystal from 0.03M 
solutions of 2,5-DHB (blue), CHCA (green), and SA (red) in MeOH:water (90:10).  The 
solvent mass deposited was found as section 3 as shown in Figure 4.6A. The spray 
heights used were 1.5 cm (diamonds) and 2.5 cm (circle).  
 
Figure 4.12 shows a closer look at the amount of solvent deposited for one minute 
sprays of 2,5-DHB and SA from the 1.5 and 2.5 cm spray heights. The data show that a 
statistically significant larger amount of solvent deposited from the SA solution.  This is 
important because it backs up the idea discussed above, where SA has a more 
conglomerated spray, as shown in chapter 5.  This more conglomerated spray is due to it 
being a wetter spray. The solution properties measured in chapter 3 were used to 
calculate that the SA solution should have a larger initial droplet diameter than the 2,5-
DHB solution, which is directly measured and confirmed by the data. This wetter spray is 
the reason why it is believed that the SA solution sprayed from the 1.5 cm spray height 
has the statistically same calculated and measured masses. 
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Figure 4.12: Plot of the mass of the solvent deposited onto QCM crystal from 0.03 M 
solutions of 2,5-DHB (blue), and SA (red) in MeOH:water (90:10).  The solvent mass 
deposited was found as section 3 as shown in Figure 4.6A. The spray heights used were 
1.5 cm and 2.5 cm. 
 
The last portion from Figure 4.6B that needs to be addressed is portion A. This 
portion addresses the initial deposition of matrix.  It has been found by looking at this 
section that solvent identity and spray height affects the deposition of matrix, especially 
the initial portion of the deposition curve.  Figure 4.13 shows four different conditions of 
spraying for 0.1 M of 2,5-DHB in MeOH (A and B) and MeOH:water (90:10) (C and D) 
from 1 and 3 cm spray heights.  The green lines in the figure are the expected mass of 
matrix deposited assuming a linear deposition rate. The comparison of the different spray 
heights shows that sprays from 3 cm have a higher deviation from the expected.  This 
could be because these are drier sprays which produce a more sponge-like deposition 
immediately, thus causing a greater measured mass defect from the mass that should be 
deposited. Figure 4.13C shows that initially the solution of 2,5-DHB in MeOH:water 
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(90:10) is a higher slope than the calculated mass line. This could be due to more water 
being deposited and therefore the mass measured is larger because of the solvent.  
However, the slope eventually does fall off the calculated mass slope.  This could be 
because the initially rigid particles are being built upon and there is now a more sponge-
like consistency to the top layers of particles.  However, this is what could also have 
occurred for Figure 4.13A where the rigid particles initially allow the slope to be close to 
the calculated mass, but the further build-up of sponge-like particle gives a larger slope 
deviation at longer spray times.  
 
 
Figure 4.13: Plot of the mass of 2,5-DHB deposited on the QCM crystal as a function of 
mass deposited and spray time using MeOH (A and B) and MeOH:water (90:10) (C and 
D) at two different spray heights, shown by the blue line.  The red line represents the 
calculated mass that should be deposited after 30 seconds of deposition.  The green line 
represents the calculated mass deposited over time.   
A)	1cm	 B)	3cm
D)	3cmC)	1cm	
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Conclusion 
 
MALDI samples and solvents have been deposited on and measured using a 
QCM.  For pure solvents deposited onto the QCM an equilibrium was observed between 
the solvent being deposited and the solvent evaporating off the crystal.  This showed that 
flow rate and solvent composition has an effect upon the amount of solvent deposited.  
Different matrices were also deposited onto the QCM using this technique.  It was found 
that as spray height increased the solvent deposited decreased and also the appearance of 
a “mass loss” increased.  This means that as the spray height increased the amount of 
mass deposited did not match with the calculated or expected mass deposited. 
It was found that using a matrix such as SA had a lower conductivity and 
therefore a wetter spray, which is because a lower conductivity in equation 3.1 will have 
a larger initial droplet.  This resulted in the deposited mass of SA being statistically the 
same as the calculated mass. This was probably due to the matrix deposited being more 
rigid and conglomerated.  However. 2,5-DHB had a drier spray and the mass tended to be 
lower than the calculated mass. This suggests that 2,5-DHB deposited a drier, spongier-
like solid which makes it look like mass is missing.  These measurements are important 
because it has been shown that the wetness of the spray can impact the MALDI signal. 
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Chapter 5 MALDI and AFM Analysis of ESD Prepared 
Samples 
 
Introduction 
 
Background 
MALDI is an ionization technique that allows for the soft ionization of large 
molecules such as proteins, synthetic polymers, etc.  The MALDI technique evolved 
from the earlier technique of laser desorption (LD), which used lasers to irradiate the 
analytes directly.[1]  MALDI overtook this technique when it was developed by Karas 
and Hillenkamp in the mid-1980’s [2, 3]. 
The most commonly used and easiest method of sample deposition for MALDI is the 
dried droplet method [4], which generally leads to a heterogeneous mixture of analyte 
and matrix with a range of crystal sizes and composition.  This means that “sweet spots” 
must be found in the sample where the analyte signal is strong [5].  Over the years 
various spray techniques have been used to produce more homogeneous deposits of the 
sample allowing for a more reproducible and quantitative MALDI signal.  A few of these 
spray techniques are oscillating capillary nebulizer (OCN) [6], aerospray [7], and 
electrospray deposition (ESD) [8].   
ESD has been established as a reproducible method for depositing a homogeneous 
sample of matrix and analyte [8].  The experimental factors that ESD depends upon are 
the solvent composition, matrix, flow rate, spray height, applied voltage, and spray time. 
Previous research in our group has examined how some of these different parameters 
affect the sample morphology and incorporation of the analyte into the matrix [9-10].  In 
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this chapter ESD will be used to deposit samples for atomic force microscopy (AFM) and 
MALDI analysis.  The spray height will be varied and analyzed to investigate the impact 
that this has on the sample morphology and MALDI analyte signal intensity. 
Atomic Force Microscopy 
AFM is a technique used to analyze the topography of a sample.  The experimental 
setup is shown in Figure 5.1.  A cantilever is attached to the AFM head. The cantilever 
will oscillate in the z direction at a certain frequency that is dependent upon the cantilever 
used. The cantilever moves in the x and y directions while the oscillation occurs.  A laser 
is aligned to reflect off the tip of the cantilever and to hit a 4 quadrant photo detector. The 
changes in the oscillation of the cantilever will give a topographical image of the sample.   
 
Figure 5.1: AFM instrument setup [11]. 
 There are several different modes of AFM which have different interactions with 
the sample as show in Figure 5.2.  The first mode that was developed was contact mode. 
In this mode the cantilever is dragged along the surface of the sample and the changes in 
the laser position on the photo detector gives an image of the surface.  The contact 
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mode’s interaction with the surface of the sample is mostly made up of repulsive 
interactions between the cantilever and the sample.  The samples that are analyzed using 
this mode are hard samples that are not easily damaged.  The opposite of this mode is 
non-contact mode in which the cantilever is moved in the x and y directions just above 
the sample surface. The cantilever varies its position in the z direction due to attractive 
and repulsive forces from the sample-cantilever interaction.  This mode is usually used 
with very soft samples in which contact mode is not suitable because dragging the 
cantilever will damage both the cantilever and the sample surface.  Lastly, there is a 
mode with properties between these two called “tapping mode”, which is the mode that 
was used for all AFM experiments in this work.  Tapping mode is when the cantilever 
oscillates at a resonant frequency and intermittently taps the surface.  The cantilever 
interaction with the surface is repulsive when it is in contact with the surface and 
attractive when the cantilever is not.  This type of mode has better resolution than non-
contact mode, but does not damage soft samples like in contact mode. 
 
Figure 5.2: Comparison of the different AFM mode interactions.[11] 
Experimental 
Materials 
2,5-DHB (lot# 11718DEV, purity of 98%), Bradykinin (lot# SLB5355), and HPLC 
Grade MeOH were from Sigma-Aldrich and used as received.   
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Sample Preparation 
A 0.1M solution of 2,5-DHB was made in MeOH.  A 1 mg/mL solution of 
bradykinin was made in distilled water.  The solutions were combined in a 10:1 volume 
ratio yielding a matrix-to-analyte ratio (M/A) of 1063.  The samples were deposited using 
ESD at various spray heights at a flow rate of 2.5 µL/min for 2 minutes. 
Instrumentation 
AFM images were obtained on a Veeco Metrology Inc. (Santa Barbara, CA, now 
Bruker) MultiMode NanoScope IIIa scanning probe microscope using tapping mode.  
The probes used were conical Aspire AFM probes from Nanoscience Instruments, Inc. 
(Phoenix, AZ) with a resonant frequency of 130 kHZ and a spring constant of 6 N/m.  
The instrument parameters were kept constant over the different scans. The integral gain 
was 0.4, the proportional gain was 0.6, the scan rate was kept between 1-0.898 Hz, and 
the amplitude setpoint was kept approximately at 1.900 V.  The samples were analyzed 
using WSxM Software 5.0 Develop 8.1.  
All mass spectra were collected using the reflectron mode on a Bruker (Berlin, 
Germany) Autoflex III MALDI TOFMS using FlexControl ver. 3.4.  The instrument 
parameters were kept constant with 100 laser shots/spectrum, 2 laser shots per spot 
rastering with 1000µm, laser intensity at 80%, and Smartbeam: 4_large.  The ion source 
1, ion source 2, lens, reflector, and reflector 2 voltages were set at 19.00, 16.60, 8.30, 
21.00, and 9.70 kV, respectively.  All mass spectra were analyzed using FlexAnalysis 
ver. 3.4. 
Methods 
The samples were sprayed onto conductive silicon wafers (PN: 1317, 10cm 
diameter, type P/B with a resistance of 1-20ohm*cm, SSP, and 100 orientation) which 
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were obtained from University Wafer, Inc. (Boston, MA) that had been cut down to 
1.2x1.2cm square pieces using an Xacto knife. The samples (3 replicates for each spray 
height) were sprayed using a 2.5 µL/min flow rate at spray heights ranging from 1 to 3.5 
cm in 0.5 cm increments using a spray time of 2 minutes. The spray voltages were 5000, 
5300, 5800, 6100, and 6800 V for spray heights of 1 through 3 cm, respectively because 
the increase in height requires a higher voltage to form a stable Taylor cone.   
The sprayed samples were first analyzed by AFM and then the AFM samples 
were taped to a Bruker Nanostructured Laser Desorption Ionization (NALDI) plate 
adapter with the NALDI insert removed. The tape used was double sided 3M XYZ axis 
electrically conductive tape.  The setup of this is shown in Figure 5.3.  The top of the Si 
wafers was approximately located at what would have been the surface of the NALDI 
plate. Figure 5.4 shows an example of an ESD prepared sample where the sample in (a) 
was sprayed from a 1 cm spray height and (b) was sprayed from a height of 3 cm. 
 
Figure 5.3: Setup for the MALDI TOFMS analysis of samples sprayed on silicon wafers. 
 
Figure 5.4: An example of the ~1cm square silicon wafers with 0.1 M 2,5-DHB sprayed 
at 2.5 µL/min for two minutes. Sample (a) was sprayed from a height of 1 cm and sample 
(b) was sprayed from 3 cm. 
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Results & Discussion 
 
In the AFM analysis of samples an important consideration is to use a very smooth 
plate to deposit your sample onto. This is because AFM is sensitive to changes as small 
as several nm in the height or z axis.  One material that is often used for sample 
deposition and AFM analysis are Si wafers. In this chapter the Si wafer provides both a 
smooth surface to deposit sample upon for AFM analysis and a conductive surface for 
MALDI analysis of the same sample.  Figure 5.5 shows the image of a Si wafer surface 
that shows several imperfections, but the highest imperfection is only 4 nm high in the 
imaged area on the Si wafer.  As the samples that will be deposited onto the Si wafer will 
be at least 100 nm thick, the Si wafer is smooth enough for accurate topographical 
analysis using the AFM images.  The other reason that Si wafers were beneficial to use 
was that they could be cut down to an appropriate size that would fit into the AFM 
instrument.  The size of the AFM head limited the size of the Si wafers to ~1.2 cm 
squares and would not allow any of the standard Bruker stainless steel (SS) MALDI 
plates to fit into the sample stage. 
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Figure 5.5: AFM image of a clean Si wafer. 
 Since Si wafers were going to be used for both AFM and MALDI analysis there 
needed to be a comparison between an ESD spray deposited onto Si wafers and the SS 
MALDI plates.  The reason for this is that since the Si wafers and the SS MALDI plates 
are made of two different materials, it needed to be verified that the spray deposition 
occurred the same on the two different plates.  The spray voltages that were used for each 
spray were the same for both the SS plate and the Si wafers.  Solutions of 0.1 M and 0.03 
M 2,5-DHB in MeOH:water (90:10) were sprayed at 1, 2 and 3 cm spray heights.  The 
spray diameters are shown in Figure 5.6. For both concentrations of sample the spray 
diameters on the Si wafer and SS MALDI plate are not statistically different for each 
spray height. 
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Figure 5.6: ESD spray diameter for (A) 0.1 M and (B) 0.03 M solutions of 2,5-DHB in 
MeOH:water (90:10) at various spray heights on SS MALDI plate and Si wafer. 
ESD sample homogeneity across the sample has been analyzed previously in our 
group using a confocal laser microscope [10] and MALDI [9] analysis.  Sample 
homogeneity was analyzed here using AFM. A solution of 0.1 M 2,5-DHB in MeOH was 
sprayed from a height of 1cm with a flow rate of 2.5 µL/min for 2 minutes.  Five AFM 
images were taken across the sample approximately 2 mm apart.  Figure 5.7 shows a 
diagram of the sample and spots that were analyzed. 
 
Figure 5.7: 0.1M 2,5-DHB in MeOH was sprayed at 1 cm height with a flow rate of 2.5 
µL/min for 2 minutes. AFM images were taken at 5 places across the sample that were 
equal distances apart. 
To quantify the differences between the spots sampled, the average roughness, 
given by equation 5.1, was calculated for each position across the sample. In equation 5.1 
aij, <a>, and N represents a single height measurement at the x,y position (i,j), the mean 
B)	A)	
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height within a given area of the entire image and the number of points in a given area, 
respectively. 
   𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =  |!!,!!!!!|!,! !                   (5.1) 
 Figure 5.8 shows the average roughness as a function of sample location on the 
spot.  This shows that the edges of the sample exhibit a lower roughness than the center 
of the sample. This could be attributed to the sample having smaller particles on the 
edges as compared to the center.    
                             
Figure 5.8: Average Roughness versus the sample position where AFM images were 
taken as shown in Figure 5.7. 
One thing that was to be examined was the morphology of a controlled ESD prepared 
at various spray heights using AFM.  Controlled ESD was developed by using tape with a 
low electrical permittivity and a punch out so that the electric field could only form on 
the exposed metal surface. This would allow the sample to only be deposited in that area 
[10].  A solution of 0.1M 2,5-DHB and 0.94mM Bradykinin in MeOH:water (90:10) 
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were sprayed at several different heights for one minute at a flow rate of 2.5 µL/min. The 
size of the sample was controlled using a 5/16” diameter punch-out.  Two AFM images 
were taken in the center of each spray.  Figure 5.9 shows the AFM images of the samples 
as both 2D and 3D images. The 3D image allows the morphology to be seen more 
clearly. The sample that was sprayed at the 1cm height shows the sample to have larger, 
more conglomerated particles.  The definition of conglomeration that is being referred to 
here is that the particles are a composed of a number of smaller particles that have 
clustered and grouped together. This is probably due to the wetness of the spray allowing 
the sample particles resulting from drying of the originally individual electrospray 
droplets to conglomerate together to form these larger particles.  At 2 cm the sample still 
clearly has larger particles that are conglomerated together, but it looks like there are also 
smaller particles present.  The 2.5 cm spray height AFM image shows that there are 
smaller particles deposited.  Further mathematical analysis of the images was done to 
quantify these visual differences.  Higher spray heights were attempted, but the high 
voltage power supply used could not provide enough voltage to achieve a stable Taylor 
cone. 
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Figure 5.9: AFM images of the three different samples of controlled ESD.  The samples 
were sprayed at spray heights of: A) 1 cm, B) 2 cm and C) 2.5 cm.   
Figure 5.10 represents the analysis done on the AFM images in Figure 5.9.  
Figure 5.10A represents the average roughness of the AFM images calculated by 
equation 5.1.  Two spots were analyzed close to the center for each spray. This shows 
that as the spray height increases the roughness decreases, i.e., that there is less deviation 
among the heights measured.  Therefore, the higher spray height has more homogenous 
particle sizes.  This is further shown by Figure 5.10B in which the higher spray height has 
both a narrower distribution in particle heights and distributions that peak at smaller 
values. The histogram is determined by counting the number of points on the AFM image 
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with a certain height and repeating this for all the other heights that were measured.  This 
was measured by the histogram analysis function in WSxM. 
 
 
Figure 5.10: A) Roughness average as a function of ESD spray height from 1cm to 3cm 
in 0.5cm increments. The AFM images from Figure 5.9 were analyzed using the 
roughness average, equation 5.1, in WSxM.[12] B) Histogram of the number of events 
per particle height within a given area. 
 
One other experiment that was done was the AFM analysis of very short sprays onto 
a Si wafer. Five second sprays of a 0.1 M solution of 2,5-DHB in MeOH were prepared 
at various spray heights. However, the results showed that in the first 5 seconds of an 
ESD spray the height of the particles and roughness analysis were irreproducible. This 
experiment was also attempted multiple times at other spray times like 10 seconds and 
other concentrations like at 0.03 M. The size of the individual particles from spray to 
spray was found to be irreproducible under the conditions that were attempted.  
AFM and MALDI Consecutive Analysis Experiment 
AFM Analysis 
Samples were sprayed and analyzed by both AFM and MALDI.  Figure 5.11 
shows the AFM images collected from MALDI samples prepared over a range of spray 
B)	A)	
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heights.  Visual differences between each sprayed sample can be seen such as the 
deepening of color as the spray height increases.  This means that the height of the 
sample decreases as the spray height increases. This is especially noticeable since the 
samples are compared using the same z axis range of 0.00 to 1.33 µm.  Particle heights 
that are closer to 0.00 µm are darker in color while particle heights closer to 1.33 µm are 
lighter the color.  In moving from A to E the particles on the surface become smaller as 
the spray height increases.  This could be due to sprays being done from the higher 
heights being drier, therefore the particles do not conglomerate as much. Panels A and B 
appear to have particles that are more conglomerated due to the wetter spray, but also 
have a range of smaller particles heights.  Panels C to E display particles that are less 
conglomerated and in later analysis are shown to be smaller. 
                             
Figure 5.11:. AFM images of 5 samples sprayed from different spray heights and 
analyzed using the WSxM software [12]. The samples were sprayed from heights of: A) 
1 cm, B) 1.5 cm, C) 2 cm, D) 2.5 cm and E) 3 cm. 
Figures 5.12 and 5.13 are analyses of the AFM micrographs shown in Figure 5.11 
produced using the WSxM software.  To quantify the differences in the micrographs, the 
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average roughness, given by equation 5.1, was calculated for each spray height. Figure 
5.12 displays the average roughness versus the spray height.  Note that as the spray 
height increases the average roughness decreases. 
 
Figure 5.12: Roughness average as a function of ESD spray height from 1cm to 3cm in 
0.5cm increments. The AFM images from Figure 5.11 were analyzed using the roughness 
average, equation 5.1, in WSxM [12].   
 
Figure 5.13 displays a histogram of the number of particle events versus the 
measured particle height. It shows that as the spray height increases the particle height 
decreases and the range of particle heights becomes narrower. As the spray height 
increases the spray becomes drier.  Since this is a drier spray, the sample deposited does 
not have as much solvent for the solid deposited to conglomerate, leading to smaller 
individual particles with a more uniform height.  This could also be due to the size of the 
sprayed sample increasing with spray height and therefore there the sample is less thick 
as the spray height increases. 
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Figure 5.13: Histogram of the number of events per particle height within a given area.  
The curves shown are for spray heights of 1 cm to 3 cm in 0.5 cm increments. 
MALDI Analysis 
The samples described in figure 5.11 were also analyzed by MALDI TOFMS.  
The mass spectra in Figure 5.14 show a significant increase in the bradykinin peak 
intensity as the spray height increases from 1 to 3 cm. Figure 5.15 is a summary of the 
peak areas for both the protonated (blue circles) and sodium cationized (purple circles) 
bradykinin peaks as a function of the spray height. The plot clearly shows that as the 
spray height increases the peak area of the analyte increases.  This trend is linear for both 
the protonated and sodium cationized bradkykinin peak area from 1cm to 2.5cm and 
1.5cm to 2.5cm, respectively.  The leveling off of the peak area in both cases could have 
to do with the larger heights producing a drier spray, which is in agreement with the 
QCM results discussed in Chapter 4. Those results show that the spray dries out as 
sample is sprayed from a larger height, but at a certain point the spray cannot become 
drier.  As the peak area is highest at the higher spray heights, it is hypothesized that the 
drier spray incorporates analyte in the matrix the best, resulting in the highest peak area.  
75	
	
 
Figure 5.14:  MALDI TOF mass spectra of samples collected from a Si wafer prepared 
from spray heights of 1 to 3 cm with 0.5 cm increments. The data show that as the spray 
height increases, the peak intensity of bradykinin (~1060.7 m/z) increases.   
 
 
Figure 5.15: Peak areas for the protonated (blue circles) and sodium-cationized (purple 
circles) bradykinin peak as the spray height increases from 1 cm to 3 cm in 0.5 cm 
increments. The error bars were the standard deviation from the mean of the three 
replicates (5 spectra were averaged for each) of each spray height. 
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Conclusion 
 
 ESD was used to deposit sample in a homogeneous manner onto a silicon wafer 
from various spray heights.  AFM was used to show that Si wafers are extremely smooth 
and will allow for an accurate topographical representation of ESD sprayed samples.  The 
comparison of the sample spray diameters also showed that despite being composed of 
different materials, the sprays are deposited similarly on the two different surfaces.   An 
ESD sample was sprayed and several spots of the sample were analyzed. This showed the 
ESD sample homogeneity could be measured by using the AFM’s roughness analysis. 
The AFM was used to analyze the morphology of the sample and then the same 
sample was analyzed by MALDI TOFMS to investigate the analyte peak area.  This dual 
analysis was enabled due to the use of conductive Si wafers which have the smoothness 
needed for AFM and the electrical conductivity required for a successful MALDI 
analysis.  The changes caused by the spray height were analyzed using the average 
roughness and the particle distribution of the AFM images.  These analyses showed that 
the highest peak area for MALDI occurred at 2.5 cm and 3 cm spray heights, which 
suggests that spraying from this height produced an ideal sample where the analyte and 
matrix were homogeneously deposited.  The roughness and particle distribution analyses 
showed that these drier sprays produced less rough sample surfaces with smaller 
particles.  These drier sprays also have a smaller distribution of particle heights.  
Therefore the smaller particle sizes were ideal for the best MALDI analyte signal.  
 Additional work will need to be done to understand the impact of the flow rate on 
the microscopic sample morphology.  Other MALDI matrices such as CHCA and SA will 
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also be investigated.  Lastly, the amount of water that is in the HPLC-grade MeOH needs 
to be measured, and how this may affect the results shown here investigated.  
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Appendix A 
 
 
Figure A.1: Statistically significant two factor interaction between sheath gas (x1) and 
spray voltage (x4) for the 5 µL/min, 3 microscan and 50 ms trap time factorial in which 
the numbers represent the peak intensity. The arrow is pointing to the direction that the 
parameters need to be changed to increase the signal intensity. 
 
Figure A.2: Statistically significant two factor interaction between aux gas (x2) and 
spray voltage (x4) for the 5 µL/min, 3 microscan and 50 ms trap time factorial in which 
the numbers represent the peak intensity. The arrow is pointing to the direction that the 
parameters need to be changed to increase the signal intensity. 
 
Figure A.3: Statistically significant two factor interaction between sheath gas (x1) and 
aux gas (x2) for the 5 µL/min, 3 microscan and 50 ms trap time factorial in which the 
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numbers represent the standard deviation of the intensity. The arrow is pointing to the 
direction that the parameters need to be changed to decrease the standard deviation. The 
LOF was not statistically significant for this factorial 
 
 
Figure A.4: Statistically significant two factor interaction between sheath gas (x1) and 
spray voltage (x4) for the 5 µL/min, 3 microscan and 50 ms trap time factorial in which 
the numbers represent the intensity standard deviation. The arrow is pointing to the 
direction that the parameters need to be changed to decrease the intensity standard 
deviation. 
 
Figure A.5: Statistically significant two factor interaction between aux gas (x2) and 
sweep gas (x3) for the 5 µL/min, 3 microscan and 50 ms trap time factorial in which the 
numbers represent the intensity standard deviation. The arrow is pointing to the direction 
that the parameters need to be changed to decrease the intensity standard deviation. 
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Figure A.6: Statistically significant two factor interaction between sweep gas (x3) and 
spray voltage for the 5 µL/min, 3 microscan and 50 ms trap time factorial in which the 
numbers represent the intensity standard deviation. The arrow is pointing to the direction 
that the parameters need to be changed to decrease the intensity standard deviation. 
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Figure A.7: Statistically significant three factor interaction between sheath gas (x1), aux 
gas (x2) and spray voltage (x4) for the 5 µL/min, 3 microscan and 50 ms trap time 
factorial. The arrow is pointing to the direction that the parameters need to be changed to 
decrease the intensity standard deviation. 
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Figure A.8: Statistically significant three factor interaction between sheath gas (x1), aux 
gas (x2) and sweep gas (x3) for the 5 µL/min, 3 microscan and 50 ms trap time factorial. 
The arrow is pointing to the direction that the parameters need to be changed to decrease 
the intensity standard deviation. 
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Figure A.9: Statistically significant three factor interaction between aux gas (x2), sweep 
gas (x3) and spray voltage (x4) for the 5 µL/min, 3 microscan and 50 ms trap time 
factorial. The arrow is pointing to the direction that the parameters need to be changed to 
decrease the intensity standard deviation. 
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Figure A.10: Statistically significant two factor interaction between sheath gas (x1) and 
aux gas (x2) for the 5 µL/min, 3 microscan and 50 ms trap time factorial in which the 
numbers represent the peak intensity. The arrow is pointing to the direction that the 
parameters need to be changed to increase the S/N. 
 
 
Figure A.11: Statistically significant two factor interaction between sheath gas (x1) and 
spray voltage (x4) for the 5 µL/min, 3 microscan and 50 ms trap time factorial in which 
the numbers represent the peak intensity. The arrow is pointing to the direction that the 
parameters need to be changed to increase the S/N. 
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Appendix B 
 
 
Figure B.1: Fluorescence emission spectra of solid dry drop samples of 2,3-DHB 
deposited from a series of different solvents.  The different solvents that were used were 
MeOH (blue), ACN:H2O (2:1) (red), ACN:H2O (2:1) with 0.1% TFA (green), and ACN 
(purple).  The excitation wavelength used was 266 nm. 
 
 
Figure B.2: Fluorescence emission spectra of solid dry drop samples of 2,3-DHB 
deposited from a series of different solvents.  The different solvents that were used were 
MeOH (blue), ACN:H2O (2:1) (red), ACN:H2O (2:1) with 0.1% TFA (green), and ACN 
(purple).  The excitation wavelength used was 337 nm. 
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Figure B.3: Fluorescence emission spectra of solid dry drop samples of 2,3-DHB 
deposited from a series of different solvents.  The different solvents that were used were 
MeOH (blue), ACN:H2O (2:1) (red), ACN:H2O (2:1) with 0.1% TFA (green), and ACN 
(purple).  The excitation wavelength used was 355 nm. 
 
 
Figure B.4: Fluorescence emission spectra of solid dry drop samples of 2,4-DHB 
deposited from a series of different solvents.  The different solvents that were used were 
MeOH (blue), ACN:H2O (2:1) (red), ACN:H2O (2:1) with 0.1% TFA (green), and ACN 
(purple).  The excitation wavelength used was 266 nm. 
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Figure B.5: Fluorescence emission spectra of solid dry drop samples of 2,4-DHB 
deposited from a series of different solvents.  The different solvents that were used were 
MeOH (blue), ACN:H2O (2:1) (red), ACN:H2O (2:1) with 0.1% TFA (green), and ACN 
(purple).  The excitation wavelength used was 337 nm. 
 
 
Figure B.6: Fluorescence emission spectra of solid dry drop samples of 2,4-DHB 
deposited from a series of different solvents.  The different solvents that were used were 
MeOH (blue), ACN:H2O (2:1) (red), ACN:H2O (2:1) with 0.1% TFA (green), and ACN 
(purple).  The excitation wavelength used was 355 nm. 
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Figure B.7: Fluorescence emission spectra of solid dry drop samples of 2,5-DHB 
deposited from a series of different solvents.  The different solvents that were used were 
MeOH (blue), ACN:H2O (2:1) (red), ACN:H2O (2:1) with 0.1% TFA (green), and ACN 
(purple).  The excitation wavelength used was 266 nm. 
 
 
Figure B.8: Fluorescence emission spectra of solid dry drop samples of 2,5-DHB 
deposited from a series of different solvents.  The different solvents that were used were 
MeOH (blue), ACN:H2O (2:1) (red), ACN:H2O (2:1) with 0.1% TFA (green), and ACN 
(purple).  The excitation wavelength used was 337 nm. 
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Figure B.9: Fluorescence emission spectra of solid dry drop samples of 2,6-DHB 
deposited from a series of different solvents.  The different solvents that were used were 
MeOH (blue), ACN:H2O (2:1) (red), ACN:H2O (2:1) with 0.1% TFA (green), and ACN 
(purple).  The excitation wavelength used was 266 nm. 
 
 
Figure B.10: Fluorescence emission spectra of solid dry drop samples of 2,6-DHB 
deposited from a series of different solvents.  The different solvents that were used were 
MeOH (blue), ACN:H2O (2:1) (red), ACN:H2O (2:1) with 0.1% TFA (green), and ACN 
(purple).  The excitation wavelength used was 337 nm. 
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Figure B.11: Fluorescence emission spectra of solid dry drop samples of 2,6-DHB 
deposited from a series of different solvents.  The different solvents that were used were 
MeOH (blue), ACN:H2O (2:1) (red), ACN:H2O (2:1) with 0.1% TFA (green), and ACN 
(purple).  The excitation wavelength used was 355 nm. 
 
 
Figure B.12: Fluorescence emission spectra of solid dry drop samples of 3,4-DHB 
deposited from a series of different solvents.  The different solvents that were used were 
MeOH (blue), ACN:H2O (2:1) (red), ACN:H2O (2:1) with 0.1% TFA (green), and ACN 
(purple).  The excitation wavelength used was 266 nm. 
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Figure B.13: Fluorescence emission spectra of solid dry drop samples of 3,4-DHB 
deposited from a series of different solvents.  The different solvents that were used were 
MeOH (blue), ACN:H2O (2:1) (red), ACN:H2O (2:1) with 0.1% TFA (green), and ACN 
(purple).  The excitation wavelength used was 337 nm. 
 
 
Figure B.14: Fluorescence emission spectra of solid dry drop samples of 3,4-DHB 
deposited from a series of different solvents.  The different solvents that were used were 
MeOH (blue), ACN:H2O (2:1) (red), ACN:H2O (2:1) with 0.1% TFA (green), and ACN 
(purple).  The excitation wavelength used was 355 nm. 
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Figure B.15: Fluorescence emission spectra of solid dry drop samples of 3,5-DHB 
deposited from a series of different solvents.  The different solvents that were used were 
MeOH (blue), ACN:H2O (2:1) (red), ACN:H2O (2:1) with 0.1% TFA (green), and ACN 
(purple).  The excitation wavelength used was 266 nm. 
 
 
Figure B.16: Fluorescence emission spectra of solid dry drop samples of 3,5-DHB 
deposited from a series of different solvents.  The different solvents that were used were 
MeOH (blue), ACN:H2O (2:1) (red), ACN:H2O (2:1) with 0.1% TFA (green), and ACN 
(purple).  The excitation wavelength used was 337 nm. 
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Figure B.17: Fluorescence emission spectra of solid dry drop samples of 3,5-DHB 
deposited from a series of different solvents.  The different solvents that were used were 
MeOH (blue), ACN:H2O (2:1) (red), ACN:H2O (2:1) with 0.1% TFA (green), and ACN 
(purple).  The excitation wavelength used was 355 nm. 
 
 
Figure B.18: Fluorescence emission spectra of 0.025 mM solutions of 2,3-DHB in a 
series of different solvents.  The different solvents that were used were MeOH (blue), 
ACN (purple), ACN:H2O (2:1) (red), and ACN:H2O (2:1) with 0.1% TFA (green).  The 
excitation wavelength used was 266 nm. 
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Figure B.19: Fluorescence emission spectra of 0.025 mM solutions of 2,3-DHB in a 
series of different solvents.  The different solvents that were used were MeOH (blue), 
ACN (purple), ACN:H2O (2:1) (red), and ACN:H2O (2:1) with 0.1% TFA (green).  The 
excitation wavelength used was 337 nm. 
 
 
Figure B.20: Fluorescence emission spectra of 0.025 mM solutions of 2,3-DHB in a 
series of different solvents.  The different solvents that were used were MeOH (blue), 
ACN (purple), ACN:H2O (2:1) (red), and ACN:H2O (2:1) with 0.1% TFA (green).  The 
excitation wavelength used was 355 nm. 
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Figure B.21: Fluorescence emission spectra of 0.025 mM solutions of 2,4-DHB in a 
series of different solvents.  The different solvents that were used were MeOH (blue), 
ACN (purple), ACN:H2O (2:1) (red), and ACN:H2O (2:1) with 0.1% TFA (green).  The 
excitation wavelength used was 266 nm. 
 
 
Figure B.22: Fluorescence emission spectra of 0.025 mM solutions of 2,4-DHB in a 
series of different solvents.  The different solvents that were used were MeOH (blue), 
ACN (purple), ACN:H2O (2:1) (red), and ACN:H2O (2:1) with 0.1% TFA (green).  The 
excitation wavelength used was 337 nm. 
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Figure B.23: Fluorescence emission spectra of 0.025 mM solutions of 2,4-DHB in a 
series of different solvents.  The different solvents that were used were MeOH (blue), 
ACN (purple), ACN:H2O (2:1) (red), and ACN:H2O (2:1) with 0.1% TFA (green).  The 
excitation wavelength used was 355 nm. 
 
 
Figure B.24: Fluorescence emission spectra of 0.025 mM solutions of 2,5-DHB in a 
series of different solvents.  The different solvents that were used were MeOH (blue), 
ACN (purple), ACN:H2O (2:1) (red), and ACN:H2O (2:1) with 0.1% TFA (green).  The 
excitation wavelength used was 266 nm. 
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Figure B.25: Fluorescence emission spectra of 0.025 mM solutions of 2,5-DHB in a 
series of different solvents.  The different solvents that were used were MeOH (blue), 
ACN (purple), ACN:H2O (2:1) (red), and ACN:H2O (2:1) with 0.1% TFA (green).  The 
excitation wavelength used was 337 nm. 
 
 
Figure B.26: Fluorescence emission spectra of 0.025 mM solutions of 2,6-DHB in a 
series of different solvents.  The different solvents that were used were MeOH (blue), 
ACN (purple), ACN:H2O (2:1) (red), and ACN:H2O (2:1) with 0.1% TFA (green).  The 
excitation wavelength used was 266 nm. 
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Figure B.27: Fluorescence emission spectra of 0.025 mM solutions of 2,6-DHB in a 
series of different solvents.  The different solvents that were used were MeOH (blue), 
ACN (purple), ACN:H2O (2:1) (red), and ACN:H2O (2:1) with 0.1% TFA (green).  The 
excitation wavelength used was 337 nm. 
 
 
Figure B.28: Fluorescence emission spectra of 0.025 mM solutions of 2,6-DHB in a 
series of different solvents.  The different solvents that were used were MeOH (blue), 
ACN (purple), ACN:H2O (2:1) (red), and ACN:H2O (2:1) with 0.1% TFA (green).  The 
excitation wavelength used was 355 nm. 
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Figure B.29: Fluorescence emission spectra of 0.025 mM solutions of 3,4-DHB in a 
series of different solvents.  The different solvents that were used were MeOH (blue), 
ACN (purple), ACN:H2O (2:1) (red), and ACN:H2O (2:1) with 0.1% TFA (green).  The 
excitation wavelength used was 266 nm. 
 
 
Figure B.30: Fluorescence emission spectra of 0.025 mM solutions of 3,4-DHB in a 
series of different solvents.  The different solvents that were used were MeOH (blue), 
ACN (purple), ACN:H2O (2:1) (red), and ACN:H2O (2:1) with 0.1% TFA (green).  The 
excitation wavelength used was 337 nm. 
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Figure B.31: Fluorescence emission spectra of 0.025 mM solutions of 3,4-DHB in a 
series of different solvents.  The different solvents that were used were MeOH (blue), 
ACN (purple), ACN:H2O (2:1) (red), and ACN:H2O (2:1) with 0.1% TFA (green).  The 
excitation wavelength used was 355 nm. 
 
 
Figure B.32: Fluorescence emission spectra of 0.025 mM solutions of 3,5-DHB in a 
series of different solvents.  The different solvents that were used were MeOH (blue), 
ACN (purple), ACN:H2O (2:1) (red), and ACN:H2O (2:1) with 0.1% TFA (green).  The 
excitation wavelength used was 266 nm. 
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Figure B.33: Fluorescence emission spectra of 0.025 mM solutions of 3,5-DHB in a 
series of different solvents.  The different solvents that were used were MeOH (blue), 
ACN (purple), ACN:H2O (2:1) (red), and ACN:H2O (2:1) with 0.1% TFA (green).  The 
excitation wavelength used was 337 nm. 
 
 
Figure B.34: Fluorescence emission spectra of 0.025 mM solutions of 3,5-DHB in a 
series of different solvents.  The different solvents that were used were MeOH (blue), 
ACN (purple), ACN:H2O (2:1) (red), and ACN:H2O (2:1) with 0.1% TFA (green).  The 
excitation wavelength used was 355 nm. 
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Table B.1: UV-Visible absorption values of 0.025 mM solutions of 2,3-DHB in a series 
of different solvents and at several wavelengths. The different solvents that were used 
were MeOH, ACN, ACN:H2O (2:1), and ACN:H2O (2:1) with 0.1% TFA and the 
wavelengths used were 266, 337, and 355 nm. 
 
 
 
Table B.2: UV-Visible absorption values of 0.025 mM solutions of 2,4-DHB in a series 
of different solvents and at several wavelengths. The different solvents that were used 
were MeOH, ACN, ACN:H2O (2:1), and ACN:H2O (2:1) with 0.1% TFA and the 
wavelengths used were 266, 337, and 355 nm. 
 
 
 
Table B.3: UV-Visible absorption values of 0.025 mM solutions of 2,5-DHB in a series 
of different solvents and at several wavelengths. The different solvents that were used 
were MeOH, ACN, ACN:H2O (2:1), and ACN:H2O (2:1) with 0.1% TFA and the 
wavelengths used were 266, 337, and 355 nm. 
 
 
 
 
 
266nm 337nm 355nm
MeOH 0.031 0.071 0.016
ACN 0.007 0.045 0.001
ACN:H2O	(2:1) 0.020 0.031 0.008
ACN:H2O	(2:1)	with	0.1%	TFA 0.014 0.043 0.003
266nm 337nm 355nm
MeOH 0.248 0.011 0.011
ACN 0.155 0.001 -0.002
ACN:H2O	(2:1) 0.094 -0.001 -0.001
ACN:H2O	(2:1)	with	0.1%	TFA 0.186 0.000 0.002
266nm 337nm 355nm
MeOH 0.018 0.251 0.124
ACN 0.002 0.113 0.057
ACN:H2O	(2:1) -0.013 0.080 0.023
ACN:H2O	(2:1)	with	0.1%	TFA 0.008 0.112 0.052
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Table B.4: UV-Visible absorption values of 0.025 mM solutions of 2,6-DHB in a series 
of different solvents and at several wavelengths. The different solvents that were used 
were MeOH, ACN, ACN:H2O (2:1), and ACN:H2O (2:1) with 0.1% TFA and the 
wavelengths used were 266, 337, and 355 nm. 
 
 
 
Table B.5: UV-Visible absorption values of 0.025 mM solutions of 3,4-DHB in a series 
of different solvents and at several wavelengths. The different solvents that were used 
were MeOH, ACN, ACN:H2O (2:1), and ACN:H2O (2:1) with 0.1% TFA and the 
wavelengths used were 266, 337, and 355 nm. 
 
 
 
Table B.6: UV-Visible absorption values of 0.025 mM solutions of 3,5-DHB in a series 
of different solvents and at several wavelengths. The different solvents that were used 
were MeOH, ACN, ACN:H2O (2:1), and ACN:H2O (2:1) with 0.1% TFA and the 
wavelengths used were 266, 337, and 355 nm. 
 
 
 
 
266nm 337nm 355nm
MeOH 0.034 0.033 0.005
ACN 0.028 0.036 0.001
ACN:H2O	(2:1) -0.007 0.004 0.001
ACN:H2O	(2:1)	with	0.1%	TFA 0.037 0.031 0.006
266nm 337nm 355nm
MeOH 0.216 0.000 0.001
ACN 0.137 0.001 -0.002
ACN:H2O	(2:1) 0.134 0.000 -0.003
ACN:H2O	(2:1)	with	0.1%	TFA 0.201 0.002 0.002
266nm 337nm 355nm
MeOH 0.059 0.006 0.001
ACN 0.020 0.001 -0.001
ACN:H2O	(2:1) 0.007 0.002 -0.002
ACN:H2O	(2:1)	with	0.1%	TFA 0.066 0.009 0.006
